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Sect ion 1 
INTRODUCTION 
Calspan Corporation has conducted research on warm fog  p rope r t i e s  
and fog modification concepts under sponsorship of the National Aeronautics 
and  Space  Administration  since  1963.  Results  of  previous  investigations,  
which have included theoretical  and experimental  s tudies  of  yarm fog modifi-  
cat ion concepts ,  numerical  s imulat ions of  fog seeding experiments ,  numerical  
model ing  s tudies  of  rad ia t ion  and  advec t ion  fog ,  and fog l i f e  cyc le  s tud ie s  
have been documented i n  numerous NASA c o n t r a c t o r  r e p o r t s  ( s e e  e . g . ,  NASA 
r e p o r t s ,  CR-72, CR-368, CR-675, CR-1071, CR-1731, SP-212, CR-2078, CR-2079, 
and CR-2201). These  inves t iga t ions  have  p layed  an  impor tan t  par t  in  our  
understanding o f  fog and t h e  complex meteorological  processes  that  are  involved 
i n  i t s  format ion ,   pers i s tence ,  and d i s s ipa t ion .   Th i s   r epor t   desc r ibes   t he  
r e s u l t s  o f  t h e  most recent  inves t iga t ion  under  Cont rac t  No.  NAS8-30776 with 
George C .  Marshall  Space Flight Center.  
Contract performance was under the technical cognizance of Mr. O.H.  
Vaughan, Jr., Aerospace Environment Division, Space Science Laboratory of 
t h e  NASA Marshal l   Space  Fl ight   Center ,   Huntsvi l le ,  Alabama. Mr. John  Enders, 
Chief of the Aviation Safety Technology Branch, NASA Office of Aeronautics 
and Space Technology, provided encouragement and the necessary support for 
the accomplishment  of  this  work. 
F i e ld  expe r imen t s  t o  tes t  the concept of modifying warm fogs by 
seeding with s ized hygroscopic  materials and observa t iona l  s tud ies  on both 
radiation and advection fog have shown t h a t  a thorough understanding of com- 
p lex  na tura l  p rocesses  of  fog  format ion ,  deve lopment ,  and  d iss ipa t ion  is  
r e q u i r e d  t o  e f f e c t i v e l y  d e s i g n  and implement fog modification techniques. 
Working toward this  end,  a one-dimensional numerical model o f  r ad ia t ion  fog  
was developed and tested against  comprehensive field observations of valley 
f o g  ( P i l i e  e t  a l . ,  1972) .  To fur ther  ex tend  unders tanding  of  the  processes  
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which determine the l i f e  cyc les  of  fogs ,  a preliminary two-dimensional numeri- 
cal  model of  advect ion fog was developed by Calspan (Mack e t  a l .  , 1972) under 
jo in t  sponsor sh ip  o f  NASA and the  Naval A i r  Systems Command. While the use-  
fu lness  and b a s i c  c a p a b i l i t i e s  o f  t h e  a d v e c t i o n  f o g  model were demonstrated,  
cons ide rab le  po ten t i a l  fo r  impor t an t  r e sea rch  wi th  the  model remained. 
I n  t h i s  i n v e s t i g a t i o n ,  t h e  c a p a b i l i t i e s  o f  a d v e c t i o n  f o g  model were 
fur ther  developed and del ineated.  The  model was improved  by  including  prognostic 
equa t ions  fo r  t he  ho r i zon ta l  wind  and  by incorpora t ing  the  inf luences  of  bo th  
the  pred ic ted  wind shea r  and temperature .gradient upon the turbulent exchange 
c o e f f i c i e n t s .  To e s t a b l i s h  t h e  r a n g e  o f  v a l i d i t y  o f  t h e  model and t o  d e l i n e a t e  
important areas for further development and application of the model,  fog 
formation and development processes over an ocean surface were s imulated 
us ing  the  advec t ion  fog  model, and t h e  r e s u l t s  were compared wi th  recent  
Calspan  observat ional   s tudies   of   sea   fog (Mack e t  a l . ,  1975).  The phys ica l  
and mathematical foundations of  the  advec t ion  fog  model and  the  resu l t s  of  
numerical  experiments  with  the model are d i scussed  in  Sec t ion  2 .  Recommenda- 
t ions  a re  presented  for  fu ture  model ing  research  which bu i lds  upon the improve- 
ment and t e s t ing  o f  t he  advec t ion  fog  model i n  t h e  p r e s e n t  s t u d y .  
In  addi t ion ,  a survey was car r ied  out  of  candida te  fog  or  c loud  
physics  experiments  for  the zero-G  environment o f  a shu t t l e - type  spacec ra f t .  
Emphasis was placed on defining experiments which are s imple  in  na tu re  and 
re levant   to   fog   modi f ica t ion   problems.  The survey and  recommendations f o r  
zero-G experiments are p resen ted  in  Sec t ion  3 .  
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Sect ion  2 
A NUMERICAL MODEL OF ADVECTION FOG 
2.1 INTRODUCTION 
The p r inc ipa l  e f fo r t  unde r  th i s  p rogram was devoted t o  improving 
a preliminary two-dimensional numerical model of advection fog developed 
under NASA sponsorship (Mack e t  a l . ,  1972) and t o  e s t a b l i s h i n g  t h e  r a n g e  o f  
v a l i d i t y  o f  t h e  improved  model. The primary  improvements t o  t h e  model were 
the  inco rpora t ion  o f  p rognos t i c  equa t ions  fo r  t he  ho r i zon ta l  wind and the  
u t i l i z a t i o n  o f  t u r b u l e n t  exchange c o e f f i c i e n t s  which depend on both  the  pre-  
d i c t e d  wind  and po ten t i a l  t empera tu re  g rad ien t s  nea r  t he  su r face .  The improved 
model p r e d i c t s  t h e  e v o l u t i o n  o f  p o t e n t i a l  t e m p e r a t u r e ,  w a t e r  v a p o r  c o n t e n t ,  
l i q u i d  water conten t ,  and  the  hor izonta l  wind i n  a v e r t i c a l  p l a n e  as determined 
b y  t h e  p r o c e s s e s  o f  v e r t i c a l  t u r b u l e n t  t r a n s f e r  and hor izonta l   advec t ion ,  as ' 
wel l  as r a d i a t i v e  c o o l i n g  and  drop  sedimentation  in  fog. The model is  designed 
to simulate the formation, development,  o r  d i s s i p a t i o n  o f  a d v e c t i o n  f o g  i n  
r e s p o n s e  t o  f l u x e s  o f  h e a t  and moisture to o r  from the atmosphere to  the sur-  
face as d r iven  by  ho r i zon ta l  d i scon t inu i t i e s  i n  the  su r face  t empera tu re .  
The improved advection fog  model was app l i ed  to  s imula t e  fog  forma- 
t i o n  and development over an ocean surface, where the boundary condition a t  
t h e  s u r f a c e  l e a d s  t o  t h e  t r a n s f e r  o f  water vapor and heat to o r  from the  model 
atmosphere in   response  to   advect ion  over   surface  temperature   changes.   Resul ts  
obtained from numerical experiments with the advection fog model have been 
compared w i t h  r e s u l t s  from the  Calspan  observa t iona l  s tud ies  of  fog  a t  sea 
(Mack e t  a l . ,  1975) t o  d e l i n e a t e  t h e  r a n g e  o f  v a l i d i t y  o f  t h e  model and t o  
s u g g e s t  f r u i t f u l  d i r e c t i o n s  f o r  f u t u r e  model  improvements  and app l i ca t ions .  
The physical and mathematical  foundations of the numerical  model 
are p resen ted  in  Sec t ion  2 . 2 .  Documentation  of  the  computer  program  for  the 
two-dimensional  advection  fog model is  provided  in  Appendix A. I n  Sec t ion  2 . 3 ,  
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r e s u l t s  o f  numerical experiments on the formation and development of advection 
fog are discussed.  Recommendations are p resen ted  in  Sec t ion  2 . 4  f o r  f u t u r e  
numerical modeling research which builds upon the  advec t ion  fog  model develop- 
ment and t e s t i n g  i n  t h e  p r e s e n t  s t u d y .  
2 . 2  NUMERICAL MODEL 
2 . 2 . 1  Major Assumptions 
The following assumptions are adopted in the numerical  modeling study 
of  advect ion fog:  
(a) The  model i s  two-dimensional i n  t h e  x-z  plane.  A l l  o f   t he  
q u a n t i t i e s  a r e  u n i f o r m  i n  t h e  y d i r e c t i o n .  
(b) The model is a boundary  layer model i n  which  dynamic processes 
a re  neglec ted .  
( c )  V e r t i c a l  t u r b u l e n t  t r a n s f e r  i s  parameter ized   in  terms of  turbu- 
l e n t  exchange coeff ic ients .  
(d)   In   the   absence   o f   fog ,   rad ia t ive   f lux   d ivergence  i s  neglected.  
(e) No microphys ica l   ca lcu la t ions  are c a r r i e d   o u t .  A l l  in f luences  
of  the  fog  microphys ics  in  the  model are parameter ized  in  terms o f  the  p re -  
d i c t ed  l i qu id  wa te r  con ten t .  
( f )   Supersa tura ted   water   vapor   condenses   ins tan taneous ly   un t i l  
s a t u r a t i o n  i s  achieved.  Liquid water i n  an  unsaturated  region  evaporates  
i n s t a n t a n e o u s l y  u n t i l  s a t u r a t i o n  is  ach ieved  o r  t he  l i qu id  wa te r  i s  exhausted. 
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2.2.2  Equations 
0 List of  Symbols 
I n  o r d e r  t o  a v o i d  l e n g t h y  e x p l a n a t i o n s  i n  t h e  t e x t ,  a l i s t  o f  t h e  



























temperature  and potent ia l  temperature  of  a i r  
water vapor  mixing rat io  
s a t u r a t i o n  m i x i n g  r a t i o  
l i q u i d  water mixing r a t i o  
h o r i z o n t a l  wind component i n  x d i r e c t i o n  
geostrophic  wind 
h o r i z o n t a l  wind  component i n  y d i r e c t i o n  
he ight  coord ina te  
subsc r ip t  deno t ing  k th  ve r t i ca l  g r id  level  
hor izonta l  coord ina te  
s u b s c r i p t  d e n o t i n g  i t h  h o r i z o n t a l  g r i d  column 
time 
superscr ip t  denot ing  n th  time s t e p  
t u r b u l e n t  e x c h a n g e  c o e f f i c i e n t  f o r  v e r t i c a l  t u r b u l e n t  
t r a n s f e r  o f  momentum 
turbulent  exchange coeff ic ient  f o r  v e r t i c a l  t u r b u l e n t  
t r ans fe r  o f  hea t  and moisture 
dens i ty  o f  a i r  
s p e c i f i c  h e a t  o f  a i r  a t  cons tan t  pressure  
n e t  upward f l u x  o f  i n f r a r e d  r a d i a t i o n  
Stefan-Boltzmann constant 
a i r  pressure  
l a t e n t  h e a t  of condensation 
mean te rmina l  ve loc i ty  of  fog  drops  
spectral ly-averaged mass absorp t ion  coef f ic ien t  of  fog  for 
i n f r a r e d  r a d i a t i o n  (cm2 g - l )  
g rav i t a t iona l   cons t an t  
f Cor io l i s   parameter  
U" f r i c t i o n   v e l o c i t y  
H h e a t   f l u x   i nc o n s t a n t   f l u x   l a y e r  
-U C pT/kgH  Monin-Obukhov sca l ing  l eng th  
roughness  height  
k von Karman cons tan t  = 0 .4  




0 Major  Equations 
The equat ions employed i n  t h e  model f o r  t h e  time r a t e  change o f  
po ten t ia l  t empera ture  0, water vapor mixing r a t i o  r, l i q u i d  water mixing 
r a t i o  w ,  wind  component u, and wind  component v are: 
ar ar a ar 
a t  - I  -u - ax + z (Kh X) - 
" av - -u - av + 2 (K - av ) + f .  (u  -u) 
a t  ax a z  m a z  g 
0 Saturation  Adjustment 
The symbol C denotes a source  func t ion  for  condensa t ion  o r  evapora- 
t ion.   In   the  actual   model ,   the   f ini te-difference  approximations  to   Eqs.   (1)  
through (5) are i n t e g r a t e d  f o r  a time s tep ,  neglec t ing  condensa t ion  o r  evapora- 
t i o n .  Then, the  saturat ion  adjustment   procedure  developed  by McDonald (1963) 
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is a p p l i e d  t o  t h e  new va lues  of  0 ,  r ,  and w.  Taking into account  the heat ing 
o f  t h e  a i r  by the release of  la tent  heat  of  condensat ion,  supersaturated water 
vapor a t  a g r i d  p o i n t  i s  conve r t ed  in to  l i qu id  water u n t i l  s a t u r a t i o n  is 
ach ieved .  S imi l a r ly ,  t ak ing  in to  accoun t  t he  coo l ing  o f  t he  a i r ,  l i qu id  water 
a t  a g r i d  p o i n t  is evapora t ed  in to  an  unsa tu ra t ed  vapor  un t i l  s a tu ra t ion  is  
achieved  or  the  l iqu id  water  is  exhausted. 
0 Turbulent Exchange Coeff ic ien ts  
As i n  ear l ier  fog model ing s tudies  (Pi l i ;  e t  a l . ,  1972; Mack e t  a l . ,  
1972) ,  the most d i f f i c u l t  a r e a  i n  t h i s  a d v e c t i o n  f o g  m o d e l i n g  s t u d y  was pro- 
v id ing  a rea l i s t ic  d e s c r i p t i o n  of t h e  v e r t i c a l  t u r b u l e n t  t r a n s f e r  o f  h e a t ,  
moisture ,  and momentum over  wide  ranges  of  height and s t a b i l i t y .  I n  t h e  
p r e s e n t  m o d e l ,  v e r t i c a l  t u r b u l e n t  t r a n s f e r  is  parameter ized  in  terms of  f lux-  
g rad ien t   r e l a t ions   u s ing   t u rbu len t   exchange   coe f f i c i en t s .  The t u r b u l e n t  ex- 
change  coef f ic ien ts  employed i n  t h e  model are  based on empir ica l  f lux-gradien t  
r e l a t i o n s  which have been measured i n  s t u d i e s  o f  t u r b u l e n t  t r a n s f e r  i n  t h e  
lowest 50 m o r  so  of the atmosphere (Businger e t  a l . ,  1971; Panofsky, 1974), 
where t h e  v e r t i c a l  f l u x e s  o f  h o r i z o n t a l  momentum and heat can be assumed  con- 
s t a n t  w i t h  h e i g h t ,  and the  Cor io l i s  force  can  be  neglec ted .  The extension of  
t he  f lux -g rad ien t  r e l a t ions  ob ta ined  fo r  s t eady- s t a t e ,  ho r i zon ta l  homogeneous 
a tmospher ic  sur face  layers  to  the  time varying, nonhomogeneous atmosphere 
boundary layers  in  the advect ion fog model imposes one of  the pr inicpal  
l imi ta t ions  to  the  rea l i sm of  the  model .  Never the less ,  in  absence  of  well- 
es tab l i shed  h igher  order  c losure  methods f o r  t h e  p r e d i c t i o n  o f  t u r b u l e n t  
t ransfer  under  these condi t ions,  the K-theory approach was adopted  for  this 
advection fog model t o  p r o v i d e  a simple,  easily understood approximation 
t o  t u r b u l e n t  t r a n s f e r  o f  t h e  t y p e  employed i n  ear l ier  fog model ing s tudies .  
By d e f i n i t i o n  i n  t h e  c o n s t a n t  f l u x  l a y e r  (Lumley  and Panofsky, 1964), 
t he  tu rbu len t  exchange  coe f f i c i en t  fo r  momentum Km i s  given by 
2 av 
U* = Km 
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where t h e   f r i c t i o n   v e l o c i t y  u* = is  def ined i n  terms  of  magnitude T 
of   the   sur face  stress vec to r  and is the   magni tude   o f   the   hor izonta l  
wind shear .  S imi la r ly ,  the  turbulen t  exchange  coef f ic ien t  for  hea t  Kh is 
defined  by 
where H is  t h e   v e r t i c a l  h . e a t   f l ux ,  and - i s  t h e   v e r t i  az c a l  g r a d i e n t  i n  
potent ia l   temperature .   Within  the  constant   f lux  layer ,  i t  can be shown t h a t  
the non-dimensional wind shear can be expressed in the form 
where Ls = - u * ~ C  pT/kgH i s  Monin-Obokhov sca l ing  l eng th .  S imi l a r ly ,  t he  non- 
dimensional  temperature  gradient  can be expressed in  the form 
P 
where the  sca l ing  tempera ture  i s  T* = - 1 H  "ku* P C  ' 
P 
By de f in i t i on ,  t hen ,  w i th in  the  cons t an t  f l ux  l aye r ,  t he  exchange 
c o e f f i c i e n t  f o r  momentum i s  
and exchange  coe f f i c i en t  fo r  hea t  is  
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In  the advect ion fog model ,  these turbulent  exchange coeff ic ients  
are mul t ip l ied  by the factor  exp[-8fz/u*] ,  obtained by Shir  (1973) i n  a numeri- 
cal s tudy of  a neut ra l  boundary  layer ,  to  provide  for  a reasonable  behavior  
o f  t he  tu rbu len t  exchange c o e f f i c i e n t s  a t  he ights  above t h e  c o n s t a n t  f l u x  
l a y e r  i n  t h e  model. 
In   the  model,  non-dimensional wind shea r  4 (-) and temperature 
g rad ien t  4 (-) r e l a t i o n s   a r e  employed  which are   based upon atmospheric 
measurements  near  the  sur face  under  re la t ive ly  s teady-s ta te  and h o r i z o n t a l l y  
homogeneous conditions  (Panofsky,  1974). Under s t ab le   cond i t ions   o r  L >O, 
t h e  r e l a t i o n s  
z 
Z m LS 
L s  
S 




are   used.  Under uns tab le   condi t ions   o r  Ls<O r e l a t i o n s  
1 
"
$m = (1 - 15 z 4  L) S 
and 
1 
a r e  employed. Under neu t r a l  cond i t ions  o r  H = 0 ,  b o t h  t h e  s t a b l e  and uns tab le  
r e l a t i o n s  r e d u c e  t o  
In  applying the advect ion fog model to study fog formation a t  s e a ,  
the roughness height zo was taken  to  be  0 .01  cm in accordance with wind 
measurements a t  sea  (Hsu, 1974). The first v e r t i c a l  g r i d  l e v e l  z1 i n  t h e  
model w a s  placed a t  10 cm h e i g h t .  I n  o r d e r  t o  c a l c u l a t e  t h e  f r i c t i o n  v e l o c i t y  
u*,  the heat  f lux H, and the  f luxes  o f  momentum, and moisture between surface 
and first g r id  l eve l ,  t he  non-d imens iona l  g rad ien t  r e l a t ions  were in t eg ra t ed  
9 
between z and z1 under the assumption that buoyancy has no inf luence  on t h e  
g r a d i e n t  r e l a t i o n s  a t  heights below 10 cm. Because t h e  g r i d  s y s t e m  o f  t h e  
model was al igned so  tha t  t he  geos t roph ic  wind u is t h e  x d i r e c t i o n ,  t h e  
h o r i z o n t a l  wind a t  t h e  first v e r t i c a l  g r i d  l e v e l  z1 has both an x and y com- 
ponent. Assuming t h a t  t h e  h o r i z o n t a l  wind components u and v are z e r o  a t  
the roughness  height  z,, the  fol lowing expression is used  to  compute t h e  
f r i c t i o n  v e l o c i t y  
0 
g 
where u(z ) and v (z , )  a r e  the  p red ic t ed  ho r i zon ta l  wind components a t  t h e  1 
first  g r i d   l e v e l .   S i m i l a r l y ,   t h e   s t r e s s  components 
are 
i n  t h e  x and y d i r e c t i o n s  
7 
Cln ($1 1 ‘ 
0 
and 
“ 0  
Applying a s imi l a r  r eason ing  to  the  po ten t i a l  t empera tu re  g rad ien t  
between z and z the  fol lowing  expression i s  used t o  compute t h e   h e a t   f l u x  
between the surface and t h e  f irst  g r id  l eve l  
0 1’ 
where  O(zo) i s  taken t o  be the  boundary  value on poten t ia l  t empera ture .  S imi-  
l a r l y ,  t h e  f l u x  o f  water vapor between the surface and t h e  f irst  g r i d  l e v e l  
i s  computed from the expression 
10 
where r ( z  ) i s  taken  to  be  the  boundary  va lue  on  water vapor  mixing rat io  a t  
the  su r face .  The t u r b u l e n t  f l u x  o f  l i q u i d  water between the surface and t h e  
f irst  g r i d  l e v e l  is computed  from the  express ion  
0 
where the boundary value on l iqu id  water  mixing  ra t io  a t  the surface w(zo)  
is assumed to  be  zero .  
In  the  in t eg ra t ion  o f  t he  advec t ion  fog  mode l ,  t he  quan t i t i e s  u* ,  
H,  and Ls are eva lua ted  fo r  eve ry  g r id  column a t  t h e  end of each time s t e p .  
The turbulen t   exchange   coef f ic ien ts  K and \ are, then,  computed f o r  e v e r y  m 
g r i d  p o i n t  i n  t h e  model f rom Eqs.  (10)  and (15) ,  using the fr ic t ion veloci ty  
u* and the  sca l ing  l eng th  Ls determined f o r  t h e  column. In  accordance  with 
the  cur ren t  prac t ice  (Panofsky ,  1974) ,  the  turbulen t  exchange  coef f ic ien ts  
fo r  t he  t r ans fe r  o f  wa te r  vapor  and l iqu id  water  a re  assumed equa l  t o  tu rbu len t  
exchange  coef f ic ien t  for  hea t  \. Because o f  t h e  i m p l i c i t  i n t e g r a t i o n  p r o c e d u r e  
u s e d  t o  i n t e g r a t e  t h e  v e r t i c a l  t r a n s f e r  terms i n  t h e  f i n i t e - d i f f e r e n c e  e q u a t i o n s  
of   the  model ,   the   f luxes H ,  F Fr, T ~ ,  and T are   conver ted   in to   an   e f fec t ive  
turbulen t  exchange  coef f ic ien t  
W ’  Y 
which i s  u s e d  i n  t h e  f i n i t e - d i f f e r e n c e  e q u a t i o n s  t o  compute t h e  t u r b u l e n t  
f luxes between surface and f irst  v e r t i c a l  g r i d  l e v e l  z 1’ 
11 
Making use  of  E q .  (6) t o  eliminate u*, 
(Panofsky,  1974) 
Z z 5 l  
LS Ls Km 
- = + (-) - R i  
and u s i n g  t h e  r e l a t i o n  
(23) 
t o  e l i m i n a t e  - , E q s .  (10)  through  (15)  can  be  converted  into  expressions  for 
turbuIent  exchange coeff ic ients  K and \ i n  terms o f  t h e  v e l o c i t y  g r a d i e n t  
Z 
LS 
and the gradient  Richardson number 
Turbulent  exchange  coef f ic ien ts  of  th i s  type  were i n i t i a l l y  u t i l i z e d  i n  t h i s  
numerical  modeling  study  of  advection  fog. A dependence of the turbulent 
exchange coeff ic ients  on the  p red ic t ed  loca l  g rad ien t s  o f  po ten t i a l  t empera -  
t u r e  and wind was be l i eved  to  pe rmi t  a more rea l i s t ic  d e s c r i p t i o n  o f  t h e  f o r -  
mation and development of advection fog than a dependence only on the  pred ic ted  
surface fluxes,  even though both forms were derived from the same c o n s t a n t  f l u x  
layer   re la t ionships .   Unfor tuna te ly ,   computa t iona l   ins tab i l i t i es  were encoun- 
t e r e d  i n  t h e  i n t e g r a t i o n s  o f  the two-dimensional advection fog model w i th  the  
turbulent exchange coefficients depending on t h e  l o c a l  wind s h e a r  and Richardson 
number,  which could not  be el iminated within the cost  and time c o n s t r a i n t s  o f  
the  program.  Therefore ,   the   dependence  of   the  turbulent   exchange  coeff ic ients  
on surface f luxes discussed above was adopted in  the advect ion fog model t o  
ach ieve  computa t iona l ly  s t ab le  in t eg ra t ions .  
e Radiation 
The t r ea tmen t  o f  r ad ia t ion  in  the  p re sen t  model i s  designed to cap- 
tu re  the  essence  of  phys ica l  p rocesses  whi le  avoid ing  de ta i led  rad ia t ive  t rans-  
fer  ca l cu la t ions .   In  
i n  E q .  (1) i s  assumed 
the absence of  fog ,  t he  r ad ia t ive  f lux  d ive rgence  - a R  
to  be  everywhere  zero.   In  the  presence  of  fog, a 
az 
12 
r ad ia t ive  f lux  d ive rgence  r ep resen t ing  the  abso rp t ion  and r a d i a t i o n  o f  i n f r a r e d  
radiat ion  by  fog  drops i s  in t roduced  in to  E q .  (1) .  An approximation  expression 
r e l a t i n g  t h e  r a d i a t i v e  f l u x  d i v e r g e n c e  - t o  t h e  v e r t i c a l  d i s t r i b u t i o n  o f  t h e  
l i qu id  wa te r  mix ing  r a t io  w(z )  i n  the  model is obtained by employing a spec- 
t ra l ly-averaged  mass abso rp t ion  coe f f i c i en t  kw t o  r e p r e s e n t  t h e  i n f l u e n c e s  o f  
fog on r a d i a t i v e  t r a n s f e r .  F o r  s i m p l i c i t y ,  t h e  f o g  i s  assumed t o  b e  a t  t h e  
absolute  temperature  T o f  t he  su r face ,  t he reby  neg lec t ing  the  in f luences  o f  




I t  is  assumed t h a t  a f l u x  r a d i a t i o n  e q u a l  t o  t h e  b l a c k  body rad ia-  
t i o n  from the surface is  t r a n s f e r r e d  upward through the fog o r  
R (z) = UT . 4 
U 0 
Under c lear  sky  condi t ions ,  it i s  a l s o  assumed t h a t  a downward f l u x  
of  back radiat ion from the atmosphere equal  to  approximately 75% o f  the  b lack  
body r ad ia t ion  f rom the  su r face  i s  i n c i d e n t  on t h e  f o g  t o p  a t  h e i g h t  zT 
(Sut ton,   1953)   or  
This downward f l u x  o f  r a d i a t i o n  on the  fog  top  from the atmosphere i s  d e f i c i e n t  
i n  e n e r g y  i n  t h e  water vapor window port ion of  the spectrum between approxi-  
mately 8.5 and 1 2  Um wavelength. 
In s ide  the  fog ,  t he  downward f l u x  o f  r a d i a t i o n  is  determined by 
absorpt ion and radiat ion of  energy by the fog.  A t  he ight  z i n  t h e  f o g ,  t h e  
downward f l u x  o f  r a d i a t i o n  i s  
Rd(z) = .75uTo exp[-1.6  (ze)pw(ze)dz’] 4 
Z T 
= UT: fi - .25exp[-1.6 Z /kw(z’)pw(ze)dze]) 
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The f irst  term on t h e  r i g h t  r e p r e s e n t s  t h e  downward f l u x  o f  r a d i a -  
t i o n  i n c i d e n t  on the  fog  t.op as a t tenuated  through absorp t ion  by  the  fog  in  
the  d i s t ance  from zT t o  z .  In  the  second term on t h e  r i g h t ,  t h e  downward 
r ad ia t ion  r each ing  he igh t  z due t o  r a d i a t i o n  from an element of  fog  of  th ick-  
ness  dc a t  he igh t  5 i s  i n t e g r a t e d  from he igh t  z t o  t h e  f o g  t o p  a t  he ight  zT. 
Here the  product  pw(z) o f  t h e  d e n s i t y  o f  a i r  times t h e  l i q u i d  water mixing 
r a t i o  is t h e  l i q u i d  water conten t  of  the  model fog a t  he igh t  z .  The inf luence  
o f  the angular dependence of the radiation field has been approximated by 
i n c r e a s i n g  t h e  o p t i c a l  p a t h  l e n g t h s  b y  t h e  d i f f u s i v i t y  f a c t o r  1 . 6  (Goody, 1964). 
The n e t  r a d i a t i v e  f l u x  a t  he igh t  z i n  t h e  f o g  becomes 
D i f f e r e n t i a t i n g  w i t h  r e s p e c t  t o  z, we obta in  the  express ion  used  in  the  model 
fo r  t he  r ad ia t ive  f lux  d ive rgence  p roduced  by  fog  
- a R  z (z)  = .25aTo 4 1.6kw(z)pw(z).xp[-1.6f~w(z0)pw(z0)dz0] (29 1 
Z 
To determine  the  form  for   the mass abso rp t ion  coe f f i c i en t  k employed 
i n  t h e  model, we must cons ider  the  absorp t ion  c ross  sec t ions  of  fog  drops .  For  
fog drops of  radius  greater  than approximately 4.5 pm, Zdunkowski  and Nielsen 
(1969)  have shown tha t  t he  spec t r a l ly -ave raged  abso rp t ion  c ros s  sec t ion  o f  a fog 
drop f o r  b l a c k  body r a d i a t i o n  i s  wi th in  20% o f  rr , where r i s  the  rad ius  of  
the drop.  For  a fog drop concentrat ion of  N d rops  pe r  un i t  volume, the absorp- 
t i o n  p e r  u n i t  l e n g t h  i n  t h e  model fog is assumed t o  b e  
W 
2 
1.6 kwpw = 1 .6  Nlrr 2 
where r i s  t h e  mean rad ius  of  the  fog  drops .  
14 
we o b t a i n  
S o l v i n g  f o r  t h e  mean fog drop radius  r from t h e  r e l a t i o n  
S u b s t i t u t i n g  f o r  r i n  Eq. (30) ,  we obta in  the  express ion  
1 2 2  - 
3 3  3 3 
- - 
1.6 k#W = 1 . 6 ( ~ N )  (-) (OW) 
4TP, 
I 
f o r  t h e  a b s o r p t i o n  p e r  u n i t  p a t h  l e n g t h  i n  t h e  fog. 
Assuming a constant drop concentration of 
reasonably  representa t ive  of  coas ta l  advec t ion  fogs  




1.6 k,pw = 7.l(pw) cm 
f o r  the  absorp t ion  per  cm employed i n  t h e  fog  model - 
N = 50 drops per cm , 3 
(Mack e t  a l . ,  1975), 
(33)  
(34 1 
as a func t ion  o f  t he  p re -  
d ic ted  l iqu id  water  conten t  p w  i n  grams per  cm . To c a l c u l a t e  t h e  r a d i a t i v e  
f lux  d ivergence  - in  the  poten t ia l  t empera ture  equat ion  o f  t e model, t h e  
quant i ty  1 .6  k (z) w(z) i n  Eq. (29) is replaced by 7. l (pw(z))3,  and t h e  v e r t i -  
cal i n t e g r a l  is  evaluated  numerically.  While th i s  procedure  is  a crude  approxi- 
m a t i o n  t o  r a d i a t i v e  t r a n s f e r  i n  f o g s  ( s e e  Korb and  Zdunkowski (1970) f o r  
d e t a i l e d  r a d i a t i v e  t r a n s f e r  c a l c u l a t i o n s  i n  f o g ) ,  it should provide a roughly 
q u a n t i t a t i v e  s i m u l a t i o n  o f  t h e  a l t e r a t i o n  o f  t h e  v e r t i c a l  d i s t r i b u t i o n  o f  n e t  
rad ia t ion  by  fog  and t h e  accompanying r ad ia t ive  coo l ing  o f  t he  fog .  I t  has  
the advantage of  imposing no s ignif icant  computat ional  requirements .  
3 
a R  
3 Z  4 
W 
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0 Terminal  Velocity  of Fog Drops 
In the model ,  the sedimentat ion of  the fog drops i s  simulated through 
t h e  mean te rmina l   ve loc i ty  V i n  Eq. (3) .  Under t h e   a s s u m p t i o n   t h a t   t h e   t o t a l  
d rop  concent ra t ion  in  the  model fogs is  cons tan t ,  Vt is a f u n c t i o n  o f  t h e  l o c a l  
l i q u i d  water mixing  ra t io  which allows Vt to remain small u n t i l  t h e  p r e d i c t e d  
l i q u i d  water contents approach values observed in well-developed fogs.  
t 
The l i qu id  wa te r  mix ing  r a t io  w can  be  wr i t ten  
where N is  t h e  number o f  drops  per  un i t  volume, r i s  t h e  mean volume r a d i u s  
of t h e  d r o p - s i z e  d i s t r i b u t i o n ,  p is  t h e  d e n s i t y  of l i qu id  wa te r ,  and p i s  
t h e  a i r  dens i ty .  Eq. (27)  can  be  solved  for r and t h e  r e s u l t  s u b s t i t u t e d  i n  
the   S tokes   re la t ionship   (F le tcher ,   1966)  
V t  = 1 . 2  x 10 r (cgs  uni t s )  6 2  (36) 
f o r  t e r m i n a l  v e l o c i t y  of water  droplets  under  20 pm i n  r a d i u s .  The r e s u l t i n g  
expression i s  
2 
v t  = 5 . 3  x 10 (r) 3 w T  
(37) 
where N is  number of drops ~ m - ~ .  
Assuming a constant  drop  concentration N = 50 cm , reasonably  repre- -3 
s e n t a t i v e  of coas ta l   advec t ion   fogs  (Mack e t  a l . ,  1975), Eq. (37) reduces t o  
the  express ion  
2 
Vt = 4 x 10 2 5 -  w cm/sec (38) 
employed i n  t h e  model.  For a l i q u i d  water mixing r a t i o  w = 2.44  x 10 cor res -  
ponding t o  l i q u i d  water content  of  approximately 0.30 g m-3, Eq. (38)  yields  
-4  
V = 1.5 cm sec . -1 .t 
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F a i r l y  real is t ic  resu l t s  have  been  achieved  in  th i s  s tudy  and ear l ier  
fog  model ing  s tudies  (P i l i6  e t  al . ,  1972; Mack e t  a l . ,  1972)  us ing  th i s  para-  
meter iza t ion  of  the  inf luences  of  fog  drop  sed imenta t ion  on fog development. 
However, s ince  the  drop  sed imenta t ion  term has been demonstrated to have a, 
la rge  inf luence  on predicted fog development  in  the model ,  careful  considera-  
t ion  should  be  g iven  to  a be t te r  descr ip t ion  of  fog  drop  sed imenta t ion  in  
fu ture  fog  model ing  s tudies .  The desc r ip t ion  o f  fog  d rop  sed imen ta t ion  in  the  
model m i g h t  b e  s i g n i f i c a n t l y  improved by carrying out even-highly parameterized 
microphysical  calculat ions in  the model .  
Horizontal  Advection 
The hor izonta l  advec t ion  terms i n  t h e  d i f f e r e n t i a l  Eqs. (1)  through 
( 5 )  are approximated in  the model by upstream differences which  have the form 
U" a Q  - Q i , k  - Q i - l , k  
ax i , k  ( xi - xi-l 1 (39 1 
f o r  u > O .  i ,k- 
When comb'ined wi th  fo rward  t ime  d i f f e renc ing ,  t h i s  f i n i t e -d i f f e rence  
scheme is  computa t iona l ly  s tab le  when 
u " < l  A t  Ax - 
Thus, the maximum value of u and t h e  minimum va lue  o f  t he  ho r i zon ta l  g r id  
length Ax determine the maximum va lue  o f  t he  time s t e p  A t  f o r  which' t h e  i n t e -  
g r a t i o n  will b e  s t a b l e .  If umax = 6.0 m s e c  and Axmin = 1000 m ,  then A t m a x  
8167 sec. 
The ups t ream di f fe renc ing  scheme has well-known pseudo-diffusive 
p r o p e r t i e s  (Molenkamp, 1968), which can  be  expressed  in  terms o f  a h o r i z o n t a l  
pseudo-diffusion coeff ic ief i t  
17 
vH = T[UlAx(l - U-) 1 At Ax 
No unique value can be assigned vH i n  t h e  model because u v a r i e s  i n  t h e  v e r t i -  
c a l  and Ax v a r i e s  i n  t h e  h o r i z o n t a l  i n  t h e  e x p a n d i n g  p o r t i o n s  o f  t h e  h o r i z o n t a l  
g r i d .  Above a few meters height,   however,  v general ly   exceeds 10 m sec i n  
the  numer i ca l  expe r imen t s  t o  be  d i scussed .  Th i s  r e su l t s  i n  the  r ap id  damping 
of  shor t  wavelength  d is turbances  in  the  hor izonta l .  While t h i s  p r o p e r t y  o f  
t h e  f i n i t e  d i f f e r e n c e  scheme would b e  p a r t i c u l a r l y  u n a t t r a c t i v e  i n  s t u d i e s  o f  
t r a n s i e n t  s o l u t i o n s ,  it i s  not  wi thout  advantage  in  the  s tudy  of  forced ,  s teady-  
s t a t e  s o l u t i o n s ,  p a r t i c u l a r l y  i f  t h e  p r e s e n t  model is  g e n e r a l i z e d  i n  t h e  f u t u r e  
by  the  incorpora t ion  of  prognos t ic  f lu id  dynamic equat ions .  
2 2 -1 
H 
2 . 2 . 3  I n i t i a l   C o n d i t i o n s  
A t  e ach  ve r t i ca l  g r id  l eve l  i n  the  two-d imens iona l  advec t ion  fog  
model, t h e  i n i t i a l  v a l u e s  o f  t h e  p r o g n o s t i c  v a r i a b l e s  0 ,  r ,  w ,  u ,  and v are 
normal ly  uni form in  the  hor izonta l .  The model p e r m i t s  i n i t i a l i z a t i o n  w i t h  
any v e r t i c a l  d i s t r i b u t i o n s  o f  t h e  p r o g n o s t i c  v a r i a b l e s .  I n  t h e  f o g  f o r m a t i o n  
cases  to  be  d iscussed ,  the  model was i n i t i a l i z e d  w i t h  v e r t i c a l  d i s t r i b u t i o n s  
generated by allowing a one-dimensional ( in z )  ve r s ion  o f  t he  model t o  evo lve  
to  approximate ly  s teady-s ta te  above  an  ocean  sur face  about  1 2  hours af ter  
b e i n g  i n i t i a l i z e d  w i t h  some s i m p l e  t h e o r e t i c a l  v e r t i c a l  d i s t r i b u t i o n s  o f  t h e  
p r o g n o s t i c  v a r i a b l e s .  T h e s e  i n i t i a l  v e r t i c a l  d i s t r i b u t i o n s  g e n e r a t e d  b y  t h e  
one-dimensional model can be thought of  as corresponding to  an a i r  mass which 
has been conditioned by a s i g n i f i c a n t  t r a j e c t o r y  o v e r  a uniform ocean surface 
For tes t ing  purposes  and simple fog formation simulations,  the advec- 
t i on  fog  model is e a s i l y  i n i t i a l i z e d  w i t h  c e r t a i n  i d e a l i z e d  v e r t i c a l  d i s t r i b u -  
t i ons  o f  t he  p rognos t i c  va r i ab le s .  The i n i t i a l  d i s t r i b u t i o n  o f  p o t e n t i a l  
t empera ture  can  be  e i ther  ad iaba t ic  (0  = constant)   or   correspond  to   an  iso-  
thermal  tempera ture  d is t r ibu t ion .  The water vapor  mixing rat io  can be 
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i n i t i a l i z e d  w i t h  a uni form dis t r ibu t ion  wi th  he ight .  The l i q u i d  water mixing 
r a t i o  w can  be  in i t ia l ized  to  be  zero  everywhere .  The u component o f  t h e  
h o r i z o n t a l  wind can b e  i n i t i a l i z e d  t o  h a v e  a logarithmic height dependence 
o f   t h e  form I n (  z + 20 ). The v component o f  t h e  h o r i z o n t a l  wind can  be  in i -  
Z O  
t i a l i z e d  t o  h a v e  a logari thmic height  dependence near  the surface,  but  to  
approach zero a t  the  upper  boundary .  
2 . 2 . 4  Boundary Conditions 
In  the  numer ica l  exper iments  to  be  d iscussed ,  the  water vapor mixing 
r a t i o  a t  t h e  s u r f a c e  was ma in ta ined  equa l  t o  the  sa tu ra t ion  mix ing  r a t io  a t  
the  tempera ture  of  the  sur face .  This  boundary  condi t ion  was app l i ed  to  s tudy  
fog  formation  and  development  over an ocean surface.  The l i q u i d  water mixing 
r a t i o  a t  t h e  s u r f a c e  was maintained equal  to  zero on the assumption the ocean 
su r face  r ep resen t s  a s ink  fo r  a tmosphe r i c  l i qu id  water. A t  t he  su r face ,  bo th  
t h e  u and v components o f  t he  ho r i zon ta l  wind were set  t o  z e r o .  
The basic  object ive in  fog formation and other  numerical  experiments  
with the advect ion fog model is to  s tudy  the  r e sponse  o f  t he  model t o  d i scon-  
t i n u i t i e s   i n   t h e   s u r f a c e   t e m p e r a t u r e .   S i n c e   t h e   i n i t i a l   c o n d i t i o n  i s  a uniform 
surface temperature , t he  su r face  t empera tu re  d i scon t inu i t i e s  are introduced 
gradually over the f i rs t  30 minutes of the numerical  experiments to avoid 
sudden pulsing of the model a t  t h e  s t a r t  o f  a n  i n t e g r a t i o n .  The model allows 
any s t r u c t u r e  o f  t h e  s u r f a c e  t e m p e r a t u r e  t o  b e  i n t r o d u c e d .  
The upper boundary of the grid system at approximately one ki lometer  
he ight  is  assumed to  be an undis turbed level .  There,  the prognost ic  var iables  
a r e  m a i n t a i n e d  e q u a l  t o  t h e i r  i n i t i a l  v a l u e s  t h r o u g h o u t  a numerical experiment. 
The va lue  of  the  u component of  the  hor izonta l  wind a t  the upper boundary is  
assumed t o  b e  t h e  g e o s t r o p h i c  wind u in  the  equa t ion  o f  mot ion  fo r  t he  v 
g 
component. The v component of  the  hor izonta l  wind a t  the  upper  boundary  i s  
correspondingly maintained equal  to  zero.  
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A t  t h e  upwind boundary of the grid system, the normal boundary con- 
d i t i o n  i s  t o  m a i n t a i n  t h e  p r o g n o s t i c  v a r i a b l e s  e q u a l  t o  t h e i r  i n i t i a l  v a l u e s  
du r ing  an  in t eg ra t ion .  A t  t h e  downwind boundary,  the values  of  t he  p rognos t i c  
v a r i a b l e s  are c o n t i n u a l l y  a d j u s t e d  t o  b e  e q u a l  t o  t h e  computed v a l u e s  i n  t h e  
ad jacent  upwind  column o f  t he  g r id  sys t em.  While t h e r e  i s  no  mechanism f o r  
upwind propagat ion of  information in  the present  model ,  this  procedure was 
adopted with an eye t o  e l i m i n a t i n g  r e f l e c t i o n s  o f  g r a v i t y  waves a t  t h e  down- 
wind boundary i f  t h e  model i s  gene ra l i zed  in  the  fu tu re  by  inco rpora t ion  o f  
dynamic process .  
2.2.5  Computational  Procedure 
0 Grid  System 
I n  t h e  v e r t i c a l  g r i d  employed i n  t h e  model, the spacing between 
adjacent   gr id   levels   expands upward f rom  the   sur face .  The expanding  grid 
system provides  high resolut ion near  the surface where t h e  v a r i a b l e s  o f  t h e  
model change rapidly with height and  removes the upper boundary from the 
region of  pr imary change,  without  requir ing a p r o h i b i t i v e l y  l a r g e  number of 
gr id   l eve ls .   In   the   numer ica l   exper iments   to   be   d i scussed ,  43 g r i d  l e v e l s  
have been employed with the grid spacing expanding upward by a f a c t o r  o f  
1 . 2  pe r  l eve l  from  an i n i t i a l  s p a c i n g  o f  1 0  cm between the f i r s t  g r i d  l e v e l  
in  the atmosphere and t h e  s u r f a c e .  The upper  boundary was 205 m above the 
next  h ighes t  g r id  leve l  and  1060 m above the surface.  
In  the  hor izonta l  g r id  sys tem,  the  gr id  expands  both  upwind  and 
downwind about  an inter ior  region with uniform grid spacing.  Within the 
l i m i t a t i o n  o f  a maximum o f  40 hor izonta l  g r id  co lumns ,  the  model permits 
g r e a t  f l e x i b i l i t y  i n  s p e c i f y i n g  t h e  h o r i z o n t a l  g r i d  p a r a m e t e r s  f o r  d i f f e r e n t  
a p p l i c a t i o n s .  
20 
0 I m p l i c i t   I n t e g r a t i o n  
S ince  the  ve r t i ca l  g r id  has  ve ry  f ine  g r id  spac ing  nea r  t he  su r face ,  
it was necessa ry  to  adop t  an  impl i c i t  t r ea tmen t  o f  t he  ve r t i ca l  d i f fus ion  
terms i n  t h e  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s  o f  t h e  model (Eqs.  (1) - (5)) 
i n  o rde r  t o  ob ta in  computa t iona l ly  s t ab le  so lu t ions  us ing  r easonab ly  l a rge  
time s t e p s .  
Omitting the symbolic source term C f o r  c o n d e n s a t i o n ,  t h e  f i n i t e -  
d i f f e rence  equa t ions  employed i n  t h e  model c a n  b e  w r i t t e n  i n  t h e  form 
2 
n + l  n n n 6 r  6 n 6 r  
n+ 1 
A t  
- r  = - u  -
6x + 6 z ( K h 6 z  
U 
n + l  - un n 6un n+ 1 = -u 6u ) + f . v  n 
A t  6~ + E ( K m 6 Z  
U 
n + l  - un n 6un n+ 1 
= -u E + E (Km E 6v ) + f - ( u  - un) A t  g 
(43) 
where n and n + 1 denote  values  known a t  t h e  end of  successive time s t e p s .  
Thus,  the horizontal  advect ion terms, the  r ad ia t ive  f lux  d ive rgence  - a R  
the  exchange  coef f ic ien ts  Km and \, t h e  mean te rmina l  ve loc i ty  of the fog 
drops V t ,  and t h e  C o r i o l i s  terms i n  t h e  h o r i z o n t a l  wind equations are computed 
from the known va lues  o f  t he  p rognos t i c  va r i ab le s  a t  t h e  end of the previous 
time s t e p  n .  The p rognos t i c  va r i ab le s  in  the  ve r t i ca l  d i f fus ion  t e rms  and 
a z  
W '+' in the  drop  sed imenta t ion  te rm are  the  new values  to  be determined at  
t h e  end of  time s t e p  n + 1. 
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The method of s o l u t i o n  o f  t h e s e  i m p l i c i t  f i n i t e - d i f f e r e n c e  e q u a t i o n s  
o f  the  advec t ion  fog  model by the technique of Richtmyer (1957) is ou t l ined  
i n  t h e  d i s c u s s i o n  o f  a n  ear l ier  ve r s ion  o f  t he  model by Mack e t  a l .  (1972). 
The i m p l i c i t  i n t e g r a t i o n  method  and the computational sequence employed i n  
the advect ion fog model are fundamentally unchanged by the incorporation of 
t he  p rognos t i c  equa t ions  fo r  t he  ho r i zon ta l  wind  and o the r  improvements t o  
the  model accomplished  during  this   invest igat ion.  The r eade r  i s ,  the re fo re  
r e f e r r e d  t o  t h e  r e p o r t  b y  Mack e t  a l .  (1972) f o r  a d i scuss ion  o f  the numerical  
i n t e g r a t i o n  method used in  the advect ion fog model .  
2 .3  APPLICATION OF THE MODEL 
2 .3 .1   In t roduct ion  
Numerical model ing  s tudies   are  a t  least two-par t   p ro jec ts .  One is  
t h e  task of  developing a reasonable  mathematical  descr ipt ion of  the physics  
of the problem and a s tab le ,  accura te  numer ica l  representa t ion  of  tha t  mathe- 
ma t i ca l  desc r ip t ion .  The o ther   cons is t s   o f   apply ing   the  model t o  t h e  phenomena 
under  s tudy  and  in te rpre t ing  the  resu l t s .  O f  fundamental   importance  to  both 
t a s k s  is  a concept o f  how the  phenomenon forms  and  develops.   In  addition  to 
descr ib ing  the  phys ics  involved ,  i t  i s  necessa ry  to  p rov ide  a combination of 
r e a l i s t i c  i n i t i a l  and boundary conditions from which the phenomenon can evolve. 
These  concepts  develop  through combined f i e l d  i n v e s t i g a t i o n s  and t h e o r e t i c a l  
modeling studies.  
The original development and testing of the Calspan advection fog 
model (Mack e t  a l .  , 1972) was ca r r i ed  out  under  woeful  lack o f  observa t iona l  
information.  Since 1972 Calspan  has  conducted  observational  studies  of  marine 
fog  off  the coast  of  Cal i fornia ,  which can provide guidance for  the develop-  
ment  and appl icat ion of  numerical  fog models .  These s tudies  have demonstrated 
that marine fog forms and develops by a va r i e ty  o f  mechanisms (Mack e t  a l . ,  
1975). One observed mechanism, s t r a tus   l ower ing ,  was s i m u l a t e d   i n  a numerical 
modeling  study  of  marine  fog  by Barker (1973).   In  the  present  study,  the 
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advection fog model has  been appl ied to  s imulate  the formation of  marine fog 
by boundary layer exchange processes, which result when n e a r l y  s a t u r a t e d  a i r  
is  advected over a change i n  water temperature.  In the marine fog program, 
local  fogs have been observed to  form when n e a r l y  s a t u r a t e d  a i r  was advected 
over warmer water. S ince  the  representa t ion  of  ver t ica l  tu rbulen t  exchange  
i n  t h e  model precluded the proper  s imulat ion of  fog formation by the advect ion 
over warmer water, the formation of  marine fog by advect ion of  near ly  saturated 
a i r  o v e r  c o l d e r  water was inves t iga t ed  wi th  the  advec t ion  fog  model. Where 
possible ,  the marine fog observat ions were used t o  g u i d e  t h e  i n v e s t i g a t i o n  
and de l inea te  impor tan t  areas f o r  f u t u r e  improvement  and appl ica t ion .  
The present  s tudy  i s  d i rec ted  a t  invest igat ing marine fog formation 
i n  r e s p o n s e  t o  water t e m p e r a t u r e  d i s c o n t i n u i t i e s .  I n  o r d e r  t o  a s s u r e  t h a t  
the s imulat ions with the advect ion fog model would respond so ley  to  th i s  type  
o f  su r face  fo rc ing ,  upwind v e r t i c a l  d i s t r i b u t i o n s  o f  t h e  model v a r i a b l e s  were 
employed which were very  near ly  in  s teady-s ta te  equi l ibr ium wi th  each  o ther  
and t h e  upwind surface  temperature .   These upwind d i s t r i b u t i o n s  were generated 
b y  i n i t i a l i z i n g  a one-dimensional version of the model with some i d e a l i z e d  
v e r t i c a l  d i s t r i b u t i o n s  o f  t h e  v a r i a b l e s ,  and by running the model u n t i l  t h e  
v e r t i c a l  d i s t r i b u t i o n s  e v o l v e d  t o  a quasi-s teady s ta te ,  compatible with the 
boundary condi t ion alof t  and the simulated ocean boundary conditions a t  the  
s u r f a c e .  I n  t h i s  manner, upwind d i s t r i b u t i o n s  were  mployed in   t he   advec t ion  
fog model which were representa t ive  of  a i r  which  had  been  condi t ioned  by a 
s i g n i f i c a n t  t r a j e c t o r y  o v e r  a uniform ocean surface.  These dis t r ibut ions 
were advec ted  over  decreases  in  sur face  tempera ture  in  the  advec t ion  fog.mode1 
t o  i n v e s t i g a t e  t h e  f o r m a t i o n  o f  m a r i n e  f o g  b y  t h a t  p r o c e s s .  
2 . 3 . 2  Fog Formation  byMixing 
To simulate marine fog formation as a resul t  of  water  temperature  
d i s c o n t i n u i t i e s ,  i t  i s  assumed i n  t h e  model tha t  the  boundary  condi t ion  on  
t h e  water vapor mixing r a t i o  a t  the  su r face  i s  s a t u r a t i o n  a t  t h e  s u r f a c e  
temperature.  Downwind from a dec rease  in  su r face  t empera tu re ,  s a tu ra t ed  a i r  
at t h e  new sur face  tempera ture  is  mixed with warmer, n e a r l y  s a t u r a t e d  a i r  
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advect ing  over   the  surface  temperature   decrease.  I t  i s  t h i s  mixing  process 
which is  r e s p o n s i b l e  f o r  i n i t i a l  f o g  f o r m a t i o n  i n  the advection fog model.  
The water temperature decrease that can produce a fog by the mixing process 
can be determined from the upwind cond i t ions  wi th  the  a id  o f  a s a t u r a t i o n  
mixing r a t i o  vs. temperature curve i n  a manner f i rs t  descr ibed by Taylor  
(1917)  and i l l u s t r a t e d  i n  F i g u r e  1. 
In  r e fe rence  to  F igu re  1, assume t h a t  t h e  upwind a i r  advec t ing  over  
a dec rease   i n  water temperature is  a t  temperature T and a t  dew p o i n t  T Let 
t h i s  a i r  mix wi th  sa tu ra t ed  a i r  a t  t empera ture  T ove r  t he  su r face  downwind 
of temperature decrease.  I f  heat and water vapor are mixing i n  an i d e n t i c a l  
manner, as in  the  advec t ion  fog  model where the turbulent  exchange coeff ic ients  
f o r  h e a t  and water vapor are assumed t o  b e  e q u a l ,  a l l  p o i n t s  l i e  on a s t r a i g h t  
l ine between the unmodified upwind a i r  a n d  t h e  s a t u r a t e d  s u r f a c e  a i r  downwind 
of   the  temperature   decrease.   In   this   case,   the   mixing  process   does  not   produce 
supersa tura t ion  and fog  cannot  form. I f  t h e  downwind water  temperature is  T 3' 
however ,  s ign i f icant  supersa tura t ion  is  produced by the mixing process and fog 
w i l l  form.  Supersaturation i s  produced in  the  mix ing  zone a t  a l l  downwind 
water  temperatures  colder  than T the   t empera tu re   a t  which a s t r a i g h t  l i n e  
passing through the point  def ined by the upwind condi t ions is  t a n g e n t  t o  t h e  
sa tura t ion  mixing  ra t io  curve .  Any water temperature  decreases  smaller  than 
T-T w i l l  r e s u l t  i n  no fog  formation by the  mixing mechanism. I t  i s  p o s s i b l e ,  
therefore,  from such arguments to estimate the minimum change i n  a sur face  
temperature required to produce a fog  in  the  advec t ion  fog  model fo r  g iven  
upwind conditions,  i . e . ,  temperature and dew p o i n t .  




2 . 3 . 3  Upwind Boundary Condit ions  for  Two-Dimensional Simulations 
Considerat ion of  fog formation by mixing indicates  that  the dew 
poin t  depress ion  upwind o f  a sea sur face  tempera ture  d iscont inui ty  de te rmines  
whether fog will form as  a r e s u l t  o f  a d v e c t i o n  o v e r  t h e  d i s c o n t i n u i t y  i n  s u r -  
face  temperature.   For a pure  water  sur face ,  i t  is predicted  from  mixing 
arguments  that  the dew point  depression,  upwind of  an  8OC d e c r e a s e  i n  s u r f a c e  
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temperature,   must  be 0.5OC o r  less for  fog  format ion .  I t  i s  a p p a r e n t  t h a t  
carefu l  cons idera t ion  of  upwind dew poin t  depress ions  is r e q u i r e d  i n  o r d e r  
t o  ob ta in  r easonab le  r e su l t s  i n  two-d imens iona l  numer i ca l  s imula t ions  o f  
marine fog formation by cooling. 
I d e a l l y ,  upwind boundary condi t ions should be ver t ical  prof i les  of  
temperature and moisture which were observed  in  a i r  which la ter  experienced 
fog  formation. Such obse rva t ions ,  i n  pa r t i cu la r  t hose  o f  moi s tu re ,  do not  
e x i s t .  The approach  used i n  t h i s  s t u d y  was t o  g e n e r a t e  upwind boundary  con- 
d i t i o n s  by running the numerical model i n  a one-dimensional mode t o  s i m u l a t e  
the  long  overwater   t ra jectory.   There were two advan tages   t o   t h i s  method. 
One, t he  upwind boundary conditions for the two-dimensional model were i n  
mutual adjustment throughout the model depth,  i .e . ,  t h e  p r o f i l e s  of the prog- 
n o s t i c  v a r i a b l e s  were i n  b a l a n c e  w i t h  t h e  p r o f i l e  o f  t h e  t u r b u l e n t  exchange 
c o e f f i c i e n t .  Two, t h e  m o i s t u r e  p r o f i l e  was generated  from  the  surface  boundary 
cond i t ion  o f  s a tu ra t ion .  
Running t h e  model i n  a one-dimensional form s t i l l  r e q u i r e d  i n i t i a l  
conditions.   In  July  1973  Calspan  took a i rc raf t  soundings 50 n m i  o u t  t o  sea 
northwest o f  Vandenberg AFB i n  C a l i f o r n i a .  These  observations  were  taken  in 
a 400-600 m th ick  boundary  layer  wi th  s t ra tus  present  in  the  upper  por t ion .  
Below the  base  o f  t he  s t r a tus  c loud ,  t he  t empera tu re  p ro f i l e  was ad iaba t i c  
indicating  well-mixed  conditions.  The m o i s t u r e  p r o f i l e  a l s o  i n d i c a t e d  w e l l -  
mixed condi t ions.   These  observat ions  suggested  that  a well-mixed  layer  might 
be a r easonab le  in i t i a l  cond i t ion  fo r  t he  one -d imens iona l  s imula t ions .  
When one-dimensional  s imulat ions were ini t ia l ized with a uniform 
potent ia l  t empera ture  equal  to  the  sur face  tempera ture ,  the  tempera ture  d is -  
t r i b u t i o n  d i d  n o t  change  with  time. The water  vapor  mixing rat io  was i n i t i a l -  
i zed  to  cons t an t  va lues  nea r  t he  su r face  co r re spond ing  to  a few degrees  Cels ius  
dew poin t  depress ion .  Alof t  the  mixing  ra t io  was dec reased  to  avo id  in i t i a l  
supe r sa tu ra t ion .  As a re su l t  o f  t he  sa tu ra t ion  boundary  cond i t ion  on t h e  mix- 
i n g  r a t i o  a t  the surface,  evaporation occurred and the mixing ratio increased 
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with time in  the  course  of  one-d imens iona l  s imula t ions .  Because o f  t h e  r a p i d  
decrease  of  tempera ture  wi th  he ight ,  s t ra tus  format ion  eventua l ly  occurred  
u n l e s s  i n i t i a l  mixing r a t i o s  a l o f t  were very small. 
Although s t r a tus  fo rma t ion  and the lowering of  st1,atus t o  t h e  s u r f a c e  
under  the  inf luences  of  rad ia t ion  cool ing  i s  an important mechanism of marine 
fog  fo rma t ion  o f f  t he  Ca l i fo rn ia  coas t  (Mack e t  a l . ,  1975) ,  t he  ob jec t ive  o f  
t h e  p r e s e n t  i n v e s t i g a t i o n  w a s  t o  examine the  t r igger ing  of  mar ine  fog  format ion  
by  advec t ion  o f  nea r ly  sa tu ra t ed  a i r  over water t empera tu re  d i scon t inu i t i e s .  
I t  was conc luded  tha t ,  wh i l e  t he  we l l -mixed  in i t i a l  cond i t ion  on temperature 
was conducive  to  s t ra tus  format ion  in  the  one-d imens iona l  s imula t ions ,  i t  was 
not  conducive  to  the  product ion  of  near ly  sa tura ted  condi t ions  near  the  sur face .  
To obtain smaller  dew point  depressions near  the surface and,  a t  the  
same time, avoid s t ra tus  formation,  one-dimensional  s imulat ions were i n i t i a l i z e d  
with  an  isothermal   temperature   prof i le .  However, because   o f   an   in i t ia l   imbalance  
between the isothermal  prof i le  and the  p ro f i l e  o f  t u rbu len t  exchange  coe f f i c i en t ,  
the  eddy hea t  f lux  showed both  convergence  and  divergence. With convergence 
in  the  lower  l eve l s  and divergence around 100 m,  the  i so thermal  prof i le  evolved  
t o  n e a r l y  an a d i a b a t i c  p r o f i l e  from t h e  s u r f a c e  up t o  100 m. Above 100 m the  
prof i le   remained   i so thermal   a t   the   o r ig ina l   t empera ture .  One of  these  one- 
dimensional simulations produced a dew point  depression of  0.323OC a t  t h e  s u r -  
face with a second minimum o f  0.2OC a t  t h e  t o p  o f  t h e  a d i a b a t i c  l a y e r .  
When these  s teady-s ta te  condi t ions  were used t o  i n i t i a l i z e  a two- 
dimensional  s imulat ion,  numerical  s tabi l i ty  problems appeared with the Richard-  
son number formal i sm for  the  turbulen t  exchange  coef f ic ien ts .  After much work 
t o  e l i m i n a t e  t h i s  i n s t a b i l i t y  p r o v e d  f r u i t l e s s ,  t h e  R i c h a r d s o n  number formalism 
was abandoned  and a constant f lux approach was adopted which used surface heat 
f l u x  t o  s p e c i f y  t h e  s t a b i l i t y .  With the  constant-f lux  formalism,   small   values  
of  the  turbulen t  exchange  coef f ic ien ts  deve loped  in  the  model above fog formed 
by cool ing the a i r  from below. Consequently,  study of the complete develop- 
ment o f  t h i s  t y p e  o f  f o g  t o  l a r g e  d e p t h s  was no longe r  f eas ib l e .  However, 
bo th  fog  format ion  in  the  sur face  layer  and  the  ear ly  s tages  of  fog  develop-  
ment could  be  s tudied .  
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2 . 3 . 4  Fog Formation  by  Cooling  from  the  Surface 
S t a r t i n g  from an isothermal  prof i le ,  a one-dimensional simulation, 
which used the surface heat f lux formalism for the turbulent exchange coeffi-  
c ients ,  produced a s l igh t ly  lapsed  tempera ture  prof i le  wi th  approximate ly  
0.4OC di f fe rence  be tween the  sur face  and  100 ,m.  The dew poin t  depress ion  
was 0.5OC near  the  sur face  and  increased  to  l . O ° C  a t  300 m.  The s a t u r a t i o n  
mixing r a t io  vs .  t empera tu re  cu rve  ind ica t ed  tha t  a temperature decrease of 
a t  l e a s t  8OC would be needed to  form fog with the 0.5OC dew poin t  depress ion .  
In  a two-dimensional simulation, these upwind boundary conditions were advected 
over a s u r f a c e  which was 8OC colder  than  the  upwind sur face  tempera ture .  The 
horizontal  dimension of  the colder  water  was 20  km. A t  t h e  wind speeds 
involved  in  the  lowes t  leve ls  ( -1 .5  m/sec) ,  a four-hour  s imulat ion was needed 
t o  set  up a s teady  s ta te  th roughout  the  20 km hor izonta l  ex ten t  of  the  model .  
A t  the extreme downwind l o c a t i o n ,  a 9 m deep fog formed with an 
average  l iquid  water   content  (LWC) of  0.15 g/m . Due t o  t h e  l a r g e  d e c r e a s e  
in  sur face  tempera ture ,  the  a i r  t empera tu re  p ro f i l e  was s t r o n g l y  i n v e r t e d ,  
with 40 m b e i n g  t h e  h e i g h t  a t  which no cooling had taken place.  Between t h e  
surface and 40 m, the  tempera ture  d i f fe rence  was  6.6OC producing a mean , g r a d i -  
e n t  o f  0 .  16S°C/m through the layer .  This  gradient  was an order of magnitude 
g rea t e r  t han  tha t  i n  the  inve r s ion  obse rved  by  Tay lo r  (1917) i n  t h e  low l e v e l s  of 
fog  o f f  Newfoundland. In  an  a t tempt  to  br ing  the  s t rength  of  the  invers ion  
produced i n  t h e  model fog  c lose r  t o  the observed inversion,  a smaller tempera- 
tu re  decrease  of  -4 C w a s  used. From the  mixing  argument  for a -4  C temperature 
change, a sur face  dew poin t  depress ion  of  0.25OC would be needed as the upwind 
condi t ion.  
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To obta in  very  small dew point  depressions in  the one-dimensional  
model, u* was decreased to  5 cm/sec t o  r e d u c e  t h e  h e a t i n g  r e s u l t i n g  from t h e  
i n i t i a l  imbalance  associated  with  the  isothermal   prof i le .   Without   this   reduc-  
t i o n ,  t h e  model could  not  produce dew point  depressions under  0 . 3  C .  The 
tempera ture  prof i le  shown in  F igu re  2 was obtained from the one-dimensional 
0 
' model i n  t h i s  mode; the  corresponding dew point   depression was  0.167OC a t  t h e  
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Figure 2 STEADY  STATE  TEMPERATURE  PROFILE  GENERATED BY 
ONE-DIMENSIONAL  SIMULATION 
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Because o f  t h e  smaller wind speeds a t  the lower levels (0.75 m/sec), 
only 10 km was needed i n  t h e  h o r i z o n t a l  t o  encompass the  s teady-s ta te  condi -  
t i o n s  af ter  four  hours  .' The s t eady- s t a t e  fog  a t  10 km was o n l y  f i v e  meters 
deep  with LWC equa l  t o  0 .1  g/m confined  to   below 1 m. The cool ing-was con- 
f i n e d  t o  20 m and  below. The temperature  difference between the surface and 
20 m w a s  3.5OC producing a gradien t  of  0.175'C/m, t h e  same magnitude as i n  t h e  
-8 C case.   Although  the  cooling  in  the  boundary  layer was p ropor t iona l  t o  
the  change in  the  su r face  t empera tu re ,  t he  coo l ing  was conf ined  to  a shallower 
l aye r ,  s o  tha t  t he  t empera tu re  g rad ien t  i n  the  inve r s ion  r ema ined  e s sen t i a l ly  
the  same. The discrepancy  between  the model r e s u l t s ,  and Taylor's  measurements 
may l i e  i n  the  measurements. Modern,  more d e t a i l e d  measurements are scheduled 
t o  b e  t a k e n  i n  f o g  s i t u a t i o n s  o f f  Newfoundland i n  t h e  summer of  1975.  These 
measurements should provide better observations for comparison with the model 
r e s u l t s  . 
3 
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In  summary, the  model r e s u l t s  show h e a t  l o s s  t o  a cooler  ocean sur-  
face a t  s a t u r a t i o n  can produce fog formation, but because of the real  boundary 
cond i t ion  o f  s a tu ra t ion  ove r  a s a l t y  o c e a n ,  a n  i n i t i a l  dew poin t  depress ion  
of about 0.25OC requ i r e s  a 6.5OC change in  the  sur face  water  tempera ture .  
Measurements o f f  t he  Ca l i fo rn ia  coas t  have  shown t h a t  changes of this magni- 
tude in  the surface water  temperature  are  not  required where fog actual ly  
forms.  Apparently some p rocess ,  o the r  t han  lo s s  o f  hea t  t o  the  sea su r face ,  
is  responsible   for   formation  of   fog  under   these  c i rcumstances.  However, it 
i s  l ike ly  tha t  such  l a rge  t empera tu re  d i scon t inu i t i e s  may e x i s t  on the  nor th  
s i d e  o f  t h e  Gulf Stream, an area s c h e d u l e d  f o r  f i e l d  i n v e s t i g a t i o n  i n  t h e  
summer o f  1975. If  fog i s  found t o  form the re  unde r  l a rge  dec reases  in  sea 
surface temperature ,  determinat ion of  whether  the fog forms by cool ing w i l l  
r equi re  accura te  measurement o f  humid i t i e s  nea r  s a tu ra t ion .  
2 .3 .5   Ef fec t   o f  Drop Sedimentation  on Fog Growth 
Although the model fogs formed  above d id  not  grow t o  l a r g e  d e p t h s ,  
some i n s i g h t  i n t o  t h e  e f f e c t s  o f  d r o p  s e d i m e n t a t i o n  and t u r b u l e n t  i n t e n s i t y  
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on fog growth can be obtained by comparison of the two s imulat ions.  A compari- 
son of  the two s t eady- s t a t e  fogs  is  shown i n  T a b l e  I.  
Table I .  
COMPARISON OF STEADY-STATE FOG PROPERTIES FOR -4OC and -8OC 
SURFACE TEMPERATURE CHANGES 
Fog  Top Height  Turbulent Exchange Coeff ic ien t   Charac te r i s t ic   L iquid  
Cml a t  FOE TOP (cm2/sec)  Wat r  Con nt (g/m3) 
4.85  37.7 <o. 1 
1 -8OC 8.74 267 > 0 . 1  
J 
For  the  fog  wi th  the  h igher  top ,  the  turbulen t  exchange  coef f ic ien t  
is a b o u t  s i x  times larger  than that  with the lower fog.  Larger  K's were  pre- 
s e n t  a t  t h e  f o g  t o p  n o t  o n l y  a t  20 km, b u t  a t  a l l  locations between 20 km and 
the  upwind boundary. The higher  K's i n  t h e  -8OC case arose from higher  K's 
i n  t h e  upwind cond i t ion .  Qua l i t a t ive ly ,  i t  might   be  expected  that   in   the 
'case wi th  the  l a rge r  K's the fog might grow to  h igher  he ights  than  it  d i d .  
However, the   sed imenta t ion  is  l a r g e r  i n  t h e  -8OC case.   In   the  -8  C ca se ,   t he  
fog drops f a l l  a t  approximately 1 cm/sec,  while i n  t h e  o t h e r  c a s e  t h e y  f a l l  
a t  approximately 0.5 cm/sec. Thus, i n  t h e  - 8  C case,   the  promoting and i n h i -  
b i t ing  processes  for  fog  growth  are both  la rger ,  wi th  the  ne t  effect  being 
only a s l i g h t l y  h i g h e r  f o g .  
0 
0 
Fur ther  ins ight  in to  the  cont ro l  of  fog  development  by  sed imenta t ion  
was obtained by running a s imula t ion  in  which the only change was e l imina t ion  
of  the sedimentat ion.  This  type of  s imulat ion was run  fo r  t he  cond i t ions  o f  
t h e  -4OC case,  and the fog grew t o  70 m i n  d e p t h  a t  the 10 km l o c a t i o n .  How- 
ever ,  th i s  growth  was n o t  e n t i r e l y  due t o  absence  of  sedimentation. The t u r -  
bu len t   exchange   coef f ic ien ts  were a l so   l a rge r .   I n   t he   mode l ,   t he   s t r eng th  
o f  t h e  K's is re l a t ed  to  the  l i qu id  wa te r  con ten t  t h rough  the  r ad ia t ive  coo l ing .  
1 . .  . . 
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If l a r g e r  l i q u i d  water is  p resen t  ove r  g rea t e r  dep ths ,  less s t ab le  t empera tu re  
p r o f i l e s  are produced  and,  hence,   strong  turbulence  occurs.  However, t h e  K's 
in  the  s imula t ion  wi thout  sed imenta t ion  were t h e  same order of magnitude as 
t h o s e  i n  t h e  - 8 O C  c a s e ,  i n  which fog grew o n l y  t o  9 m. Therefore,  the major 
e f f e c t  on fog  development was the absence of  sedimentat ion.  Since sedimenta-  
t ion has  such a profound ef fec t  on fog development, the f a l l  ve loc i ty  of  drops  
must b e  modeled c a r e f u l l y  i n  any numerical  simuations designed to study fog 
growth. 
2 . 3 . 6  Growth of  Shallow FOE Over Warmer Water 
The modeling work has shown tha t  fog  format ion  is  poss ib l e  ove r  t he  
ocean by cool ing in  a sha l low layer  near  the  ocean  sur face .  However, the  
l a r g e  d i s c o n t i n u i t i e s  i n  s u r f a c e  w a t e r  t e m p e r a t u r e  t h a t  a r e  r e q u i r e d  h a v e  n o t  
been found in  the  observa t ions  of  fog  occurrence  over  the  open  ocean  west of 
Ca l i fo rn ia .  Ana lys i s  o f  t ha t  f i e ld  da t a  (Mack e t  a l .  , 1 9 7 5 )  l e a d  t o  t h e  f o l -  
lowing descr ipt ion of  fog formation and development by processes other than 
cooling from the  su r face :  
"Local fogs have been observed to form in cool,  nearly 
sa tu ra t ed  a i r  advec t ing  ' ove r  warmer water.  Subsequent  tur- 
bulent exchange and enhanced evaporation from the sea s u r f a c e  
lead to  mixing of  warm, moi s t  su r f ace  a i r  w i th  coo l ,  mo i s t  
a i r  a t  h i g h e r  l e v e l s  and i n i t i a l  c o n d e n s a t i o n  i n  a shallow 
l aye r .   Rad ia t ive   coo l ing   o f   t h i s   t h in   l aye r  l if ts  the   inver -  
s ion  base  f rom the  sea s u r f a c e  and fur ther  fog development  i s  
promoted by r a d i a t i v e  c o o l i n g  and enhanced mixing beneath 
the  loca l ly  induced ,  low- leve l  invers ion ."  
The capab i l i t i e s  o f  t he  numer i ca l  model were u t i l i z e d  t o  examine t h e  f e s i b i l i t y  
o f  - fog  development by these  processes .  The simulation  involved moving a shallow 
fog (formed  by previous cooling) over warmer water t o  de te rmine  the  e f fec t  on 
fog thickness .  
The experiment design was as fol lows.  A 7 m deep  fog,  which  had 
been generated by a water temperature decrease o f  4 C y  was used as upwind 0 
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boundary  conditions  for a two-dimensional  simulation.  These  conditions were 
advected over a water temperature which was 2OC warmer t h a n  t h a t  which t h e  
a i r  previously had been exposed to.  A control experiment was r u n  i n  which 
t h e  same boundary conditions were moved over water a t  t h e  same temperature 
t o  which the a i r  had been exposed for  the previous four  hours .  
In  the  hea t ing  case  the  fog  top  grew t o  1 8 . 7  m compared t o  a h e i g h t  
of  8.75 m in  the  cont inued  cool ing  case .  Exposure  to  hea t ing  ra i sed  the  fog  
t o p  h e i g h t  t o  a l e v e l  more than twice t h a t  which occurred with continued cool- 
ing.  One r eason  fo r  t he  d i f f e rence  w a s  t h e  i n c r e a s e d  t u r b u l e n t  i n t e n s i t y  a t  
the fog top as t h e  a i r  moved over warmer water .  In  the  hea t ing  case ,  the  
turbulent exchange coefficients at  and above the fog top were an  order  of  
magni tude  larger   than  those  in   the  cont inued  cool ing  case.   Thus,   the   increased 
turbulence moved the fog top upward by  d i f fus ion  of  bo th  the  l iqu id  water  and  
the  cool ing  produced  by  rad ia t ion  a t  the  fog  top .  However,  an a t t empt  to  
develop a deeper  fog by increasing the temperature  difference to  3 C l e d  t o  
complete  evaporation  of  the  fog. As with most parameters  involved  with  fog 
formation,  the small  change in  water temperature  increase had a d r a s t i c  
impact on the fog behavior .  
0 
The  upwind tempera ture  prof i le  and the temperature  prof i les  through 
each  of   the two fogs   a re  shown in   F igure  3 .  In   the  cool ing  case,   the   tempera-  
t u r e  shows a smal l  decrease  uni formly  d is t r ibu ted  below 20 m ,  thus maintaining 
the  s t rong ly  inve r t ed  t empera tu re  p ro f i l e .  On the  o the r  hand ,  i n  the  warming 
case, temperature  increases  up through 7 m and decreases from there up through 
30 m. The i n i t i a l  i n v e r s i o n  o f  3 .5OC between the surface and 20 m is  reduced 
t o  a l i t t l e  more than a degree .  In  th i s  case, t h e  maximum cool ing  located 
around 14 m i s  assoc ia ted  wi th  rad ia t iona l  cool ing  which extends up t o  t h e  
fog  top a t  18.7 m (Figure 3 ) .  This  resu l t  ind ica tes  the  impor tance  of  rad ia-  
t ional  cool ing to  fog development  as  hypothesized by Mack e t  a l .  (1975). 
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Figure 3 VERTICAL PROFILES OF TEMPERATURE AND  RADIATIVE COOLING IN FOG 
EXPOSED  TO 1) CONTINUED COOLING AND 2) HEATING 
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2.4 CONCLUSIONS AND RECOMMENDATIONS 
I n  t h i s  s t u d y ,  a two-dimensional numerical model of advection fog 
was improved by incorporat ion of  prognost ic  equat ions for  the horizontal  wind 
and by u t i l i z i n g  b o t h  t h e  p r e d i c t e d  wind and po ten t i a l  t empera tu re  d i s t r ibu -  
t ions to  determine the turbulent  exchange coeff ic ients  in  the model .  Numerical  
simulations of advection fog formation and development over an 'ocean s u r f a c e  
were compared with Calspan's observations of marine fog off the California 
c o a s t .  When a i r  which had been conditioned by simulation of a s i g n i f i c a n t  
t r a j e c t o r y  o v e r  a uniform ocean surface was subjec ted  t o  a dec rease  in  su r face  
temperature ,  the advect ion fog model p r e d i c t e d  t h a t  a surface temperature 
decrease on the  order  of  4 O C  o r  l a r g e r  was required for fog formation. Cal- 
span 's  observat ions of  marine fog formation in  such a condi t ioned air  mass ,  
however ,  indicate  that  fog formation occurs  with surface temperature  changes 
of  about l 0 C .  In   addi t ion,   the   subsequent   ver t ical   development   of   fog i s  
o f t en  s ign i f i can t ly  g rea t e r  t han  tha t  p red ic t ed  by  the  advec t ion  fog  model. 
Since the advect ion fog model is  a boundary layer model i n  which i t  
is  assumed tha t  t u rbu len t  exchange  coe f f i c i en t s  fo r  hea t  and water vapor are 
e q u a l ,  t h e r e  a r e  a t  l e a s t  two poss ib le  explana t ions  for  the  apparent  d i scre-  
pancy between the requirements for fog formation in the advection fog model 
and in   the   rea l   a tmosphere .  One p o s s i b i l i t y  i s  tha t   mesosca le   c i rcu la t ions  
induced by advection over surface temperature changes, which are neglected 
in  the  advec t ion  fog  model, may promote fog formation in the real  atmosphere.  
Calspan 's  observat ions indicate  that  mesoscale  convergence can be an important  
element i n  t h e  development  and p e r s i s t e n c e  o f  c o a s t a l  f o g  (Mack e t  a l . ,  1975) .  
A second possible  explanat ion is  t h a t  t h e  t r a n s f e r  o f  h e a t  and water vapor 
between ocean and atmosphere in response t o  changes i n  t h e  ocean surface tem- 
pera ture  may proceed a t  s l i g h t l y  d i f f e r e n t  r a t e s ,  p r o m o t i n g  f o g  f o r m a t i o n  
under  certain  circumstances.   Indeed,  Fukuta  and  Saxena (1973)  have  argued 
t h a t  t h e  g r e a t e r  r a t e  o f  m o l e c u l a r  d i f f u s i o n  o f  w a t e r  v a p o r  t h a n  o f  h e a t  i n  
the  laminar  sublayer  a t  the  ocean  sur face  a ids  fog  format ion  over  warmer water 
and i n h i b i t s  fog formation  over  colder water. In   addi t ion ,  i f  t h e  t u r b u l e n t  
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e x c h a n g e  c o e f f i c i e n t s  f o r  t h e  v e r t i c a l  t r a n s f e r  o f  h e a t  a n d  water vapor are 
s l i g h t l y  d i f f e r e n t ,  a similar type  of  ra te  dependent  (kinet ic)  effect  on fog 
formation would r e s u l t .  
While the  inco rpora t ion  o f  dynamic in f luences  in to  the  advec t ion  
fog model i s  an impor t an t  ob jec t ive ,  t he re  appea r s  t o  be  su f f i c i en t ly  un re -  
solved quest ions concerning possible  kinet ic  inf luences on fog formation and 
the  in f luences  o f  t u rbu len t  t r ans fe r  on ver t ical  development  o f  f o g  t o  j u s t i f y  
addi t iona l  research  wi th  the  advec t ion  fog  model i n  t h e  boundary layer form. 
I t  i s  recommended, t h e r e f o r e ,  t h a t  a numerical  model ing invest igat ion should 
b e  c a r r i e d  o u t  o f  p o s s i b l e  k i n e t i c  i n f l u e n c e s  on advect ion fog formation over  
the ocean, using Calspan observations of marine fog formation to guide the 
s t u d y .  I n  o r d e r  t o  f a c i l i t a t e  t h i s  i n v e s t i g a t i o n  a n d  t o  d e v e l o p  a b e t t e r  
modeling framework for  s imula t ing  the  ver t ica l  deve lopment  of  advec t ion  fog  
under  the  inf luences  of  rad ia t ive  cool ing ,  it is  f u r t h e r  recommended t h a t  a 
more p h y s i c a l l y  r e a l i s t i c  c l o s u r e  f o r  t u r b u l e n t  t r a n s f e r  b e  i n c o r p o r a t e d  i n t o  
the advection fog model.  This could take the form of incorporating a prognos- 
t i c  equat ion for  the turbulent  energy and assumed p ropor t iona l i t i e s  be tween  
the  turbulent   f luxes  and  the  turbulent   energy  (Pepper   and Lee,  1974). Alter- 
n a t i v e l y ,  a prognos t ic  equat ion  for  the  turbulen t  exchange  coef f ic ien ts  ‘them- 
se lves  could  be  incorpora ted  in to  the  model (Nee and  Kovasnay, 1969). 
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Sect ion  3 
RECOMMENDATIONS FOR SIMPLIFIED I N D I V I D U A L  
ZERO-GRAVITY CLOUD PHYSICS  EXPERIMENTS 
3.1 INTRODUCTION 
The fo l lowing  b r i e f  d i scuss ion  is  in t ended  to  deve lop  recommendations 
t o  NASA fo r  s e l ec t ed  c loud  phys ic s  expe r imen t s  app l i cab le  to  ze ro -g rav i ty  con- 
d i t i o n s .  A s  o u t l i n e d  i n  t h e  work s t a t emen t ,  t he  bas i c  c r i te r ia  f o r  t h e  selec- 
t i on  o f  t he  expe r imen t s  are, f i rs t ,  t h e i r  p e r t i n e n c e  t o  c u r r e n t  f o g  and  fog 
modi f ica t ion  research  and ,  secondly ,  the i r  s impl ic i ty ,  bes t  descr ibed  as 
"carry-on" or "suitcase" experiments.  
P repa ra t ions  fo r  a complex cloud physics  laboratory (CPL) intended 
as a pay load  fo r  space  shu t t l e  so r t i e s  have  been  desc r ibed  r ecen t ly  by  Greco 
e t  a l .  (1974)  and  summarized  by  Greco  and  Turner  (1975).  In  cooperation  with 
the cloud physics  community, t h e  20 most promising experiments have been selected 
and conceptua l  des igns  of  the  exper imenta l  se tup ,  inc luding  f ive  d i f fe ren t  c loud  
chambers , have been created (see Table 11).  By i n t e g r a t i n g  a m u l t i t u d e  o f  t e s t  
dev ices  in to  the  C P L ,  considerable  savings are  possible  and dupl icat ion of  
numerous common components  can  be  avoided. However, s i n c e  s e v e r a l  o f  t h e  more 
demanding experiments may requi re  subs tan t ia l  addi t iona l  deve lopment ,  i t  would 
be advantageous to choose a few comparable t e s t s  which can be performed with 
the  least  elaborate  preparat ion and be developed into s imple,  individual  carry-  
on k i t s .  T h i s  would n o t  o n l y  y i e l d  e a r l y  s c i e n t i f i c  r e s u l t s  b u t  a l s o  p r o v i d e  
fu r the r  expe r i ence  which  could  be  appl ied  in  the  f ina l  des ign  of  the  CPL. 
Since a grea t  dea l  of  thought  had  a l ready  been  inves ted  in  drawing  
up t h e  l i s t  o f  20 most des i rab le  exper iments ,  no addi t ional  experiments  will 
be  taken  in to  cons idera t ion  here .  Rather ,  we w i l l  select  from t h e  l ist  o f  20 
t h o s e  t h a t  f u l f i l l ,  i n  o u r  o p i n i o n ,  t h e  a f o r e m e n t i o n e d  c r i te r ia  of  be ing  
adaptab le  as carry-on experiments  and also have appl icat ions to  fog physics  
research .  
39 
Table 11. SLJMMARY OF EXPERIMENT  CLASSES 
( a f t e r  Greco e t  a l . ,  1974) 
Primary  Alte nate 
Experiment  Class Number and T i t l e  Chamber* Chamber* 
1. Condensation  Nucleation CFD E 
2 .  Ice   Nucleat ion SDI E 
3.  Ice Mul t ip l ica t ion  SD I E 
4 .  Charge  Separation SDI G 
5. Ice-Crystal  Growth Habits SD I E 
6.  Scavenging SDI G 
7. Riming and  Aggregation SD I G 
8 .   Droplet-Ice  Cloud  Interact ions SDI E 
9 .  Homogeneous Nucleation SDI E 
10.  Collision-Induced  Freezing SDI G 
11. S a t u r a t i o n  Vapor Pressure SD I E 
1 2 .  Adiabat ic  Cloud  Expansion E - 
13. Ice Nuclei Memory E SD I 
1 4 ,  T e r r e s t r i a l  Expansion Chamber Evaluation E - 
15. Condensation  Nuclei Memory E S DL 
16.  Nuclei   Multiplication G E 
17. Drop C o l l i s i o n  Breakup G SD I 
18.   Coalescence  Eff ic iencies  G SDI 
19 .   S t a t i c   D i f fus ion  Chamber Evaluation SDL - 
20. Unvent i la ted  Droplet   Diffusion  Coeff ic ients  SDL E 
*CFD = Continuous-f low  diffusion E = Expansion 
SDI = S t a t i c   d i f f u s i o n ,   i c e  G = General 
SDL = S t a t i c  d i f f u s i o n ,  l i q u i d  
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Our approach to  the experiment  select ion will proceed  in  the  fo l low-  
ing  sequence :  F i r s t ,  a l i s t  o f  expe r imen t s  r e l evan t  t o  fog  will b e  e s t a b l i s h e d ;  
subsequent ly ,  th i s  l i s t  will be narrowed down on t h e  b a s i s  o f  zero-g applica- 
b i l i t y .  F i n a l l y ,  c o n s i d e r a t i o n  o f  equipment  problems i n  view o f  t h e  s i m p l i c i t y  
requirement will fu r the r  r educe  the  l i s t  of  e l ig ib le  exper iments .  
3.2 PROBLEMS IN FOG MICROPHYSICS 
The 
intended as  a 
la te r  s e c t i o n  
a t  t h i s  p o i n t  
zero-gravi ty .  
fo l lowing  br ie f  rev iew of  cur ren t  problems in  fog  research  i s  
guide  for  se lec t ing  exper iments  re levant  to  fog .  Al though a 
d e a l s  w i t h  a p p l i c a b i l i t y  t o  z e r o - g ,  we w i l l  limit the  d iscuss ion  
t o  problems in  mic rophys ic s  su i t ab le  f o r  exper imenta t ion  in  
I n  t h e  i n i t i a l  s t a g e s  o f  f o g  f o r m a t i o n ,  t h e  most important consid- 
e ra t ion  involves  the  nuc lea t ion  and subsequent condensational growth o f  the  
fog  drople t s .  For  a p a r t i c l e  o f  g i v e n  s ize  and  chemica l  proper t ies ,  the  
necessa ry  supe r sa tu ra t ion  fo r  ac t iva t ion  as measured with a thermal  d i f fus ion  
chamber has been found to differ considerably from what t h e o r y  p r e d i c t s ;  e . g . ,  
i n  t h e  c a s e  o f  NaC1, expe r imen t s  i nd ica t e  tha t  a 5 t imes higher  supersatura-  
t i o n  i s  requi red  (Katz  and Kocmond, 1973), whereas nominally hydrophobic 
pa r t i c l e s  have  been  found  to  act as  condensa t ion  nuc le i  a t  much lower super- 
saturat ions  than  expected  (Ruskin and Kocmond, 1971). A t  t he   p re sen t  time 
it i s  no t  c l ea r  whe the r  t he  d i sc repanc ie s  can  be  a t t r i bu ted  to  su r face  con- 
taminants on the  nuc le i ,  to  unaccounted  for cond i t ions  in  the  c loud  chamber 
o r  t o  e r r o r s  i n  t h e  p a r t i c l e  s i z i n g  e q u i p m e n t .  
For a given CCN spectrum and cool ing rate  of  the a i r ,  i t  should be 
poss ib l e  to  accu ra t e ly  p red ic t  t he  ensu ing  d rop  s i z e  spectrum of  the fog.  In  
general ,  however ,  calculat ions of  drop s i ze  d i s t r i b u t i o n s  i n  c l o u d s  are i n  
poor  agreement  with actual  observat ions.  In  par t icular ,  there  have only been 
a very  l imi ted  number of  case s t u d i e s  ( s e e ,  e . g . ,  F i t z g e r a l d ,  19’72) where actual  
measurements of drop sizes and nucleus concentrations at  cloud base have been 
compared with computed values.  Although  agreement w a s  encouraging with regard 
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to  average  drop  sizes, d i s c r e p a n c i e s  i n  t h e  w i d t h  o f  t h e  d i s t r i b u t i o n s  and 
the   to ta l   concent ra t ions   ind ica te   tha t   impor tan t   p roblems s t i l l  e x i s t .  Uncer- 
t a i n t i e s  i n  t h e  measurements point t o  a need for  wel l -cont ro l led  condensa t ion  
experiments which will provide more r e l i a b l e  d a t a  f o r  c o m p a r i s o n s  w i t h  e x i s t -  
ing models. 
In  the  fur ther  evolu t ion  of  fog  (pas t  the  ear ly  condensa t iona l  s tages) ,  
d rop  s izes  may be  reached  where  coalescence s tar ts  t o  p l a y  a r o l e .  Although 
t h i s  regime i s  thought  to  be  most impor tan t  in  convec t ive  c louds ,  we have 
encountered numerous s i t u a t i o n s  where shallow fog (i .e. ,  200-400 m depth) 
produced considerable  dr izzle  only conceivable  as a r e su l t  o f  d rop le t  g rowth  
by coalescence.  Drizzle has been shown t o  p l a y  a n  i m p o r t a n t  r o l e  i n  t h e  down- 
ward t r a n s p o r t  of moi s tu re  in  the  evo lu t ion  o f  fog  f rom lower ing  s t r a tus  (Mack 
e t  a l . ,  1974).   Generally,   understanding  of  the  coalescence phenomena has  pro- 
gressed  cons iderably  in  recent  years ,  main ly  due  to  a l a rge  number of  well- 
designed wind tunnel  inves t iga t ions  a t  UCLA. The most d i f f i c u l t  area of  exper i -  
mentation, i . e . ,  t h a t  i n v o l v i n g  r e l a t i v e l y  small drops,  i s  the one most appli- 
cab le  to  fog ;  he re ,  fu r the r  r e sea rch  is  needed t o  compare observat ions of  drop 
coalescence with theory.  
Fog drops  not  on ly  in te rac t  wi th  each  o ther  bu t  a l so  wi th  o ther  
p a r t i c l e s .  S i n c e ,  i n  most cases, only  about 10% o r  less of a l l  p a r t i c l e s  
act as CCN, those remaining may be scavenged by droplets.  The relevance of 
scavenging t o  t h e  f o g  problem  can  be  described as fol lows:  The immediate 
in f luence  o f  s cavenged  pa r t i c l e s  (o r  gases )  on the  hos t  d rop le t  i s  gene ra l ly  
small, e x c e p t  i n  t h e  case o f  s u r f a c t a n t s  which could retard evaporation of 
t h e  d r o p l e t  and   t hus   s t ab i l i ze   t he   fog   ( s ee  Kocmond e t  a l . ,  1972).  Uptake 
o f  sa l t  p a r t i c l e s  o r  o f  g a s e s  which r eac t  i n  the  l i qu id  phase  to  p roduce  
s a l t s  will cause a s l i g h t  r e d u c t i o n  i n  water vapor  pressure over  the drop 
su r face  in  p ropor t ion  t o  t he  inc rease  in  concen t r a t ion  of t h e  s a l t  so lu t ion .  
The i n f l u e n c e ,   t h e r e f o r e ,  w i l l  be g r e a t e r  as the   d rop le t s   evapora t e .  The 
most profound e f f e c t  o f  p a r t i c l e s  and gases being scavenged is  i n  t h e  r e s u l t -  
i n g  a l t e r a t i o n  o f  t h e  CCN spectrum af ter  complete  evaporat ion of  the fog 
d rop le t s   has   occu r red   (occas iona l ly   r e f e r r ed   t o  as memory e f f e c t ) .  Thus, a 
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subsequent fog formed on t h e  CCN spectrum may p o s s e s s  s i g n i f i c a n t l y  d i f f e r e n t  
mic rophys ica l  f ea tu re s .  Th i s  a l t e r a t ion  means enlargement o f  t he  p rev ious ly  
a c t i v e  p a r t i c l e s  a n d ,  i n  g e n e r a l ,  a s h i f t  o f  t h e  CCN spectrum t o  lower c r i t i c a l  
supersa tura t ions ;  on the other  hand,  scavenged surface act ive substances may 
have a cont ra ry  effect  by  r e t a rd ing  the  nuc lea t ion  o f  fog  d rop le t s .  
A d i f f e r e n t  t y p e  o f  a l t e r a t i o n  o f  t h e  CCN spectrum may take  p lace  
when droplets  evaporate  completely and the residue breaks up i n t o  s e v e r a l  
smaller p a r t i c l e s .  The cond i t ions ,  o the r  t han  low humidity,  under  which  such 
a "nuclei  mult ipl icat ion" can occur  i s  not  clear a t  the  p re sen t  time (see 
Podzimek  and Saad, 1974). 
Due to  the  occurence  of  fogs  a t  subfreezing temperatures ,  some o f  
the addi t ional  problems associated with ice  nucleat ion have to  be included 
in  ou r  cons ide ra t ions  o f  expe r imen t s  su i t ed  to  ze ro -g rav i ty  cond i t ions .  S ince  
most  supercooled fogs are  s table  ( i  . e . ,  due t o  a lack o f  i c e  n u c l e i ,  t h e y  
u s u a l l y  do no t  p rec ip i t a t e ) ,  i ce  nuc lea t ion  en te r s  t he  p i c tu re  ma in ly  a s  a 
process employed i n  f o g  d i s p e r s a l .  The main d i f f i c u l t y  i n  t h i s  t y p e  o f  f o g  
abatement scheme i s  i n  t h e  economica l  d i s t r ibu t ion  o f  su i t ab le  ice n u c l e i  
( i . e .  , n u c l e i  t h a t  a r e  a c t i v e  a t  r e l a t ive ly  h igh  t empera tu res ) .  By the  pre-  
ferred use of  homogeneously  formed ice  crys ta l s  (dry  ice ,  l iqu id  propane  
seeding) ,  i t  i s  possible  to  avoid problems of  contact  nucleat ion and ice  
m u l t i p l i c a t i o n  which a r e  c u r r e n t l y  among the  most debated issues regarding 
the  g lac ia t ion  of  convec t ive  c louds .  
3.3 RELEVANCE OF EXPERIMENTS TO FOG MICROPHYSICS AND TO ZERO-G 
APPLICATION 
If one  examines t h e  l ist  of experiments (Table 1, taken from Greco 
e t  a l .  , 1974) i n  l i g h t  o f  t h e  above review of problems in  fog microphysics ,  
the fol lowing experiment  topics  seem t o  b e  r e l e v a n t  t o  t h i s  r e s e a r c h  a r e a  
( in  approximate order  of  importance):  
4 3  





5 .  
6 .  
7. 
8. 





CCN M u l t i p l i c a t i o n  
S t a t i c  D i f f u s i o n  Chamber Evaluation 
Ice Crys ta l  Growth Habits 
Ice Nucleation 
Droplet-Ice Cloud I n t e r a c t i o n s  
From the previous discussion,  it is  e v i d e n t  t h a t  t h e  last  t h r e e  
expe r imen t  c l a s ses  a re  no t  a s  impor t an t  t o  fog  r e sea rch  as t h e  f i rs t  s i x  
t o p i c s .  The nine experiments shown in  Tab le111  a re  b r i e f ly  cons ide red  be low 
i n  terms o f  a p p l i c a b i l i t y  t o  z e r o - g r a v i t y  tests. 
1. Condensation  Nucleation:  Since  droplet  growth a t  low supersa t -  
u ra t ions  (which a re  typ ica l  o f  fogs)  proceeds  very  s lowly ,  zero-g  condi t ions  
are e s p e c i a l l y  d e s i r a b l e .  As opposed t o  t h e  s i t u a t i o n  i n  t h e  t e r r e s t i a l  l a b -  
ora tory ,  d rople t s  forming  on condensation nuclei  can be observed for extended 
times s ince  they  will n o t  f a l l  o u t  o f  t h e  s e n s i t i v e  volume; t h e r e  a r e  no 
apparent disadvantages introduced by the weight less  condi t ions.  
2. Scavenging: The advantage  of  studying  scavenging  under  zero-g 
condi t ions is two-fold:   (1)   El iminat ion  of   the  or thokinet ic  component w i l l  
h e l p  t o  i d e n t i f y  t h e  effects of  other  scavenging mechanisms  and (2) t h e  lack 
of droplet  sedimentation will a l l o w  f o r  i n t e r a c t i o n  w i t h  t h e  p a r t i c l e s  o v e r  
a time per iod  comparable  to  ac tua l  c loud  condi t ions .  
3.  Coalescence  Efficiency:  Droplet   coalescence  chiefly  depends on 
the  mot ion  o f  t he  d rops  r e l a t ive  to  the  a i r  and t o  each  o the r .  In  p r inc ip l e ,  
t h e r e f o r e ,  s t r ic t  zero-g condi t ions present  a disadvantage due t o  t h e  l a c k  
of  motion;  however ,  by ar t i f ical ly  generat ing a very low g r a v i t y  s i t u a t i o n ,  
r e l a t ive ly  l a rge  d rops  can  be  used  to  s imula t e  the  behav io r  o f  t he  more d i f f i -  
c u l t  t o  work with small cloud droplets  (as  proposed by Telford,  1974) .  
4. CCN Memory: S i n c e   t h i s  effect  is e s s e n t i a l l y  a resu l t   o f   scaveng-  
ing,  one has  to  be aware t h a t  a t  ze ro -g  the  po ten t i a l ly  cons ide rab le  o r thok ine t i c  
scavenging component will be  missing. However, the  gravi ty-free  environment  
will permi t  observa t ion  of  the  same CCN ac t ing  be fo re  and a f t e r  u p t a k e  o f  
mater ia l  from the surrounding a i r .  
5. - CCN Mult ipl icat ion:  Performance of  this  experiment  would be 
s u b s t a n t i a l l y  improved i f  ca r r i ed  ou t  a t  ze ro -g ,  s ince  one  cou ld  poss ib ly  
observe individual  CCN before  and af ter  sha t te r ing  ins tead  of  mere ly  record-  
ing a s t a t i s t i c a l  r e s u l t  a s  is done i n  t e r r e s t r i a l  tes ts .  
6 .  S t a t i c  " Diffusion Chamber Eva lua t ion :  In  the  t e r r e s t r i a l  l abo ra -  
tory,  one of  the drawbacks to  making CCN measurements a t  low supersa tura t ions  
i s  t h a t  t h e  d r o p l e t s  s e t t l e  o u t  of t h e  s e n s i t i v e  volume before  they reach 
d e t e c t a b l e  sizes.  The e x t e n t  t o  which th i s  happens  a t  s l i gh t ly  h ighe r  supe r -  
s a t u r a t i o n s  must a lso  be  determined.  The zero-gravity  environment  offers a 
unique opportuni ty  to  s tudy the fal l -out  problem and t o  ' c a l i b r a t e '  t h e  s t a t i c  
d i f f u s i o n  chamber f o r  terrestrial  use.  
7. Ice Crys ta l  Growth Habi ts :  Terrestrial l imi t a t ions   a r e   cons id -  
e r a b l e  i n  t h i s  a r e a  o f  r e s e a r c h  due t o  t h e  c o m p a r a t i v e l y  h i g h  f a l l  v e l o c i t i e s  
o f  ice c r y s t a l s .  Zero-g permits  prolonged observat ion without  the need to  use 
suppor ts  for  growing  ice  c rys ta l s ;  bu t ,  on the  o ther  hand ,  the  lack  o f  v e n t i -  
l a t i o n  p r e s e n t s  a se r ious  d isadvantage  (wi th  the  poss ib le  except ion  tha t  it 
provides one d a t a  p o i n t  f o r  a growth vs v e n t i l a t i o n  r e l a t i o n s h i p ) .  
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8. Ice Nucleation: Most exper iments   in   th i s   ca tegory   can   be   car r ied  
o u t  s u c c e s s f u l l y  i n  terrestr ia l  chambers  due t o  t h e  g e n e r a l l y  fas t  a c t i v a t i o n  
of  ice nuclei .  Zero-g would o f f e r  an  advantage  for  tes t ing  suspec ted  s low 
. a c t i v a t i n g  ice nuc lea t ing  aerosols ;  however ,  th i s  appl ica t ion  would be  
what less important .  
9.  DroDlet-Ice  Cloud  Interactions:  The i n t e r a c t i o n  between 
and i c e  c r y s t a l s  c o n s i s t s  of  vapor  t ranspor t  from d r o p l e t s  t o  c r y s t a l s  
some- 
d rop le t s  
and 
d r o p l e t - c r y s t a l  c o l l i s i o n s .  The first mechanism is bas ica l ly   covered   under  
" i c e  c r y s t a l  growth habi ts" ,  whereas  droplet-crystal  col l is ions are l a r g e l y  
a r e s u l t  o f  d i f f e r e n c e s  i n  f a l l  v e l o c i t i e s .  Thus, t he  g rav i ty - f r ee  env i ron -  
ment  would only assist i n  o b t a i n i n g  d a t a  from c o l l i s i o n s  due t o  such non-gravity 
effects as , f o r  i n s t a n c e ,  e l e c t r o s t a t i c  c h a r g e s .  
The experiments considered s o  fa r  may be fur ther  narrowed by el imina-  
t i ng  the  i ce - r e l a t ed  top ic s  f rom Tab le  111. Clear ly  these  are important problems; 
however ,  with respect  to  w a r m  fog microphysics  considerat ions,  they are of  less 
relevance.  
3 . 4  LIMITATIONS OF EQUIPMENT TO SIMPLE CARRY-ON APPLICATION 
The experiments which were selected s o  fa r  must a l s o  b e  examined 
wi th  r e spec t  t o  necessa ry  and available equipment.  In the following paragraphs , 
we the re fo re  r ev iew pe r t inen t  dev ices  in  view o f  t h e i r  a c c e p t a b i l i t y  f o r  a 
"simple"  setup. The  main elements  of  the  equipment i n  q u e s t i o n  a r e :  
(1) Test chambers for containment of a s p e c i f i c  working environment , ( z j  
d r o p l e t / p a r t i c l e  d e t e c t o r s ,  and (3) drop le t /pa r t i c l e   gene ra to r s .  
1. Test  Chambers 
Although some experiments with hydrometeors such as those conducted 
aboard Skylab IV (concerning the col l ison of  large water drops; Vaughan and 
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H i l l ,  1974) .can be performed without the use of  confining walls, i t  is genera l ly  
n e c e s s a r y  t o  p h y s i c a l l y  d e f i n e  a volume and to  control  environmental  parameters  
i n  o r d e r  t o  m a i n t a i n  s u i t a b l e  c o n d i t i o n s .  A t  t he  p re sen t  time, we are i n  p r i n -  
c i p l e  n o t  r e s t r i c t e d  i n  t h e  c h o i c e  o f  c l o u d  chambers a s  i nd ica t ed  by  the  f ind -  
ings reported by Greco e t  a l .  (1974);  however, t h e  b a s i c  p o s s i b i l i t i e s  are well 
covered by t h e  f i v e  chamber types l i s t e d  i n  T a b l e I I .  The chamber wi th  the  most 
advantages i n  p r i n c i p l e  is the expansion type,  s ince in  operat ion uniform 
temperature  changes over  the ent i re  volume can be achieved allowing extensive 
r e l a t i v e  h u m i d i t y  v a r i a t i o n s  from f a i r l y  d r y  t o  h i g h  s u p e r s a t u r a t i o n s .  While 
the expansion chamber provides an excel lent  s imulat ion of  a tmospheric  s i tuat ions,  
i t s  major drawback from the standpoint of our present task (i .e. ,  simple, .  carry- 
on equipment) i s  i t s  complexi ty  in  connec t ion  wi th  the  need  to  prec ise ly  match 
t h e  w a l l  and a i r  t empera tu re .  A t  th i s  s tage  of  technology,  th i s  o therwise  
i d e a l  chamber i s  too  compl i ca t ed  to  be  pa r t  o f  a carry-on experiment. 
Other chambers for  cons idera t ion  inc lude  the  thermal  d i f fus ion  chamber ,  
whose o p e r a t i n g  p r i n c i p a l  ( d i f f u s i o n  of water and heat from a warmer upper sur- 
f a c e  t o  a cooler lower one) allows for a humidity regime adjustable between 
sa tu ra t ion  and  a few percent  supersaturation.  Although  these  conditions do 
not  provide a true simulation of condensational growth in the atmosphere,  they 
o f f e r  t h e  p o s s i b i l i t y  t o  a s s e s s  CCN a c t i v i t y .  The differences  between  the 
t h r e e  t y p e s  of d i f f u s i o n  chambers ( l i s t e d  i n  T a b l e  11) c u r r e n t l y  employed per-  
ta in  main ly  to  tempera ture  range  and operat ing mode. In  the cont inuous f low 
diffusion chamber,  CCN are ac t iva t ed  wh i l e  t he  a i r  sample t ravels  through the 
chamber;  while  this  may have some advantages where recording of  t h e  r e s u l t s  
i s  d e s i r e d ,  t h e r e  a r e  two drawbacks: f irst ,  the  advantage  zero-g  offers   by 
providing prolonged time for -observ ing  drople t s  is  la rge ly  cance l led  by  the  
motion through the chamber and ,  secondly ,  the  de l ica te ly  ba lanced  f low sys tem 
requi res  carefu l  ad jus tment  of  auxi l ia ry  f lows  making the  dev ice  r a the r  unsu i t -  
a b l e  f o r  a s impl i f i ed  ca r ry -on  sys t em.  In  con t r a s t ,  bo th  s t a t i c  d i f fus ion  
chambers ( l iqu id  sur face  and  ice  sur face)  a re  opera ted  on t h e  p r i n c i p l e  t h a t  
measurements are made i n  s i t u ,  i . e . ,  without  removing the sample from the area 
of supe r sa tu ra t ion ,  t hus  a f fo rd ing  the  bene f i t  o f  ze ro -g  non- fa l lou t .  Whereas 
t h e  chamber w i t h  s o l i d  ( i c e )  p l a t e s  may be  used  fo r  most work on supercooled 
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c l o u d s ,  t h e  l i q u i d  p l a t e  chamber i s  i d e a l  f o r  t y p i c a l ,  warm fog-related inves-  
t i g a t i o n s .  Both chambers s t a n d  o u t  b y  t h e i r  s i m p l i c i t y ,  e s p e c i a l l y  t h e  l i q u i d  
p l a t e  v e r s i o n  which requi res  only  one  tempera ture  cont ro l  (as  opposed  to  two 
f o r  t h e  ice  plate chamber).  
In con t r a s t  t o  expans ion  and thermal diffusion chambers in which 
the  ope ra t ing  mode provides  in t r ins ica l ly  for  the  format ion  of  hydrometeors ,  
the "general" chamber as described by Greco e t  a l .  (1974) c o n s t i t u t e s  a volume 
wi th  tempera ture-cont ro l led  wal l s ;  i t ,  the re fo re ,  needs  add i t iona l  dev ices  
for  humidi f ica t ion  or  drople t  genera t ion .  The apparatus  proposed by Telford 
(1974) fo r  t he  s tudy  o f  d rop le t -d rop le t  i n t e rac t ions  cou ld  be  cons ide red  a 
spec ia l ized  case  of  the  "genera l  chamber'' ( b a s i c a l l y  a f a l l  t u b e  i n  which 
ind iv idua l  pa i r s  of  la rge  drople t s  ( -1 /2  mm) are moved under very low g r a v i t y  
(-1/1000 g) simulated by rotation of the apparatus).  
From the  foregoing  d iscuss ion ,  i t  would appea r  t he re fo re  tha t  t he  
s t a t i c  d i f f u s i o n  chamber w i t h  l i q u i d  p l a t e s  is  b e s t  s u i t e d  f o r  t h e  s i m p l i f i e d  
carry-on experiments. 
2 .  Droplet and Particle Detectors  
The f ru i t fu l  eva lua t ion  o f  any  expe r imen t  i nvo lv ing  pa r t i c l e s  and 
d rop le t s  r equ i r e s  some knowledge  about the i r  concent ra t ion  and/or  s i z e  d i s -  
t r i b u t i o n .  When considering  fog  microphysics,  we are   mainly  deal ing  with 
nuclei   of   0 .01 pm<d<l urn and d r o p l e t s  i n  t h e  r a n g e  0.5 pm<D<30 urn. I t  is  
cu r ren t  l abora to ry  p rac t i ce  to  cove r  the  above  pa r t i c l e  s i ze  r ange  wi th  an 
Electr ical  Aerosol  Analyzer  ( E M )  and  an  Optical   Particle  Counter (OPC; e . g . ,  
Royco) f o r  n e a r l y  r e a l  time r e s u l t s  o r  t o  examine p r e c i p i t a t e d  p a r t i c l e  
samples   with  scanning  or   t ransmission  e lectron  microscopes.  The l a t t e r  
method is  very tedious and usua l ly  accep tab le  on ly  fo r  occas iona l  ca l ib ra -  
t i o n s ;  a l s o ,  p r e c i p i t a t i o n  o f  p a r t i c l e  s a m p l e s  o f t e n  i n t r o d u c e s  a d d i t i o n a l  
problems i n  t h e  a n a l y s i s .  
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Both t h e  EAA and the Optical  Particle Counter are planned components 
of  the complete  CPL, bu t  for  our  present  purposes ,  the  fo l lowing  d isadvantages  
have to  be  taken  in to  account :  Bes ides  the  bulk  and  weight ,  the  EAA deple tes  
ae roso l  s to rage  due  to  a r e l a t ive ly  h igh  sampl ing  r a t e  (up  to  50 l i ters min-l) 
and  r equ i r e s  h ighe r  pa r t i c l e  concen t r a t ions  than  gene ra l ly  used  i n  fog- re la ted  
problems,  thus creat ing a need f o r  a d i lu t ion  sys tem.  The OPC only handles 
sizes l a r g e r  t h a n  0 .5  pm which makes it unsui tab le  as t h e  o n l y  p a r t i c l e  a n a l y z e r .  
An a l t e r n a t e  a p p r o a c h  t o  t h e  p a r t i c l e  s i z i n g  p r o b l e m  w i l l  b e  d i s c u s s e d  i n  t h e  
paragraph , "par t ic le  genera t ion" .  
The var ious  methods of  assess ing  c loud  drople t s  a l so  have  to  be  
t e s t e d  f o r  t h e i r  a p p l i c a b i l i t y  t o  a carry-on type of experiment.  The o p t i c a l  
methods cu r ren t ly  used  wi th  d i f fus ion  chambers (bu t  app l i cab le  to  o the r s )  a r e  
d i r e c t  p h o t o g r a p h y  i n  s i t u  which only records the concentrat ion of  drops larger  
t h a n  t h e  s e n s i t i v i t y  t h r e s h o l d  ( e . g .  , 1 pm) , and OPCs which r e q u i r e  t h a t  t h e  
drops be moved from t h e i r  o r i g i n a l  l o c a t i o n  t o  t h e  a n a l y z e r ;  t h i s  l a t t e r  pro- 
cedure i s  q u i t e  c r i t i c a l  b e c a u s e  t h e  s l i g h t e s t  change i n  r e l a t i v e  h u m i d i t y  
which might occur during transfer will inf luence  the  s i z e  o f  t h e  d r o p l e t s .  
The above-mentioned photographic method has  the advantage over  OPCs t h a t  
sequent ia l  exposures  can be taken which may contain information about growth 
rates o r  which may show t h e  same pa r t i c l e /d rop le t  du r ing  seve ra l  condensa t ion -  
evaporat ion  cycles .  Methods o f  o p t i c a l  p r o b i n g  i n  s i t u  ( i . e . ,  w i t h o u t  d i s -  
t u rb ing  the  d rop le t s )  by s e n s i n g  s c a t t e r e d  l i g h t  from a representa t ive  sample  
(as opposed t o  t h e  drop-by-drop procedure of the OPCs) would be most a t t r a c t i v e  
i n  p r i n c i p l e ,  b u t  s t i l l  s u f f e r  f r o m i n t e r p r e t a t i v e  d i f f i c u l t i e s .  A f u r t h e r  p o s s i -  
b i l i t y   t o  assess drople t  popula t ion  is t o  impact the' drops on a s e n s i t i v e  f i l m ;  
t h i s  method, however, also removes the droplets from the tes t  volume  and d i s -  
t u rbs  cond i t ions  in s ide  the  chamber. 
- 
If experiments  can be designed such that  the droplet  s i z e  does not 
have t o  b e  known accura te ly  (as long as it  is above a given value) , the photo- 
graphic  method is cer ta in ly  by  fa r  the  s imples t  and  most s t ra ight forward .  
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3. Drople t   and   par t ic le   genera t ion  
As po in ted  ou t  p rev ious ly ,  d rop le t s  are e a s i l y  formed in  expans ion  
and d i f f u s i o n  chambers  p rov ided  tha t  su i t ab le  nuc lea t ing  pa r t i c l e s  are present .  
Thus,  the  problem is reduced . to  producing  the  des i red  nuc le i .  Provid ing  small 
d r o p l e t s  f o r  a "general" chamber w i l l  r e q u i r e  a d rop le t  gene ra to r  o f  a type 
which y i e lds  the  pa r t i cu la r  s i ze  spec t rum needed  fo r  a g iven  appl ica t ion .  
Although the s tudy of  natural  aerosols  as they  re la te  to  fogs  should  
not  be  neglec ted ,  the i r  complexi ty  makes i t  d i f f i c u l t  t o  i n t e r p r e t  r e s u l t s .  
Also,  s torage time d u r i n g  t r a n s p o r t  i n t o  o r b i t  would reduce the value of  a 
na tura l  aerosol  cons iderably .  Among t h e  many techniques  for  producing  a r t i -  
f i c i a l  a e r o s o l s ,  we have t o  s e l e c t  t h e  o n e s  which u t i l i z e  s i m p l e  d e v i c e s ,  p e r -  
form  reproducibly  and  cover  the  desired s i z e  r a n g e .  I n  a d d i t i o n ,  s i n c e  p a r t i c l e  
analyzers  are imprac t ica l  for  our  purpose ,  we w i l l  h a v e  t o  work with a p a r t i c l e  
genera tor  which produces an accurately predictable size spectrum and concentra- 
t i o n - - t h i s  i s  p r a c t i c a l l y  e q u i v a l e n t  t o  demanding  high  monodispersity. I t  i s  
d e s i r a b l e  t o  work wi th  so luble  and  inso luble  par t ic les .  Severa l  convenient  
methods e x i s t  f o r  t h e  p r o d u c t i o n  o f  s o l u b l e  p a r t i c l e s  from aqueous solutions 
which a r e  d i s p e r s e d  i n t o  d r o p l e t s  and  subsequently  evaporated.  Not a l l  of  
these methods,  however,  would be suitable for our purpose; e .  g . ,  the  d ipping  
reed device has  the disadvantage o f  not  producing a high enough concent ra t ion .  
The technique which looks most promising a t  the  p re sen t  time is  t h e  v i b r a t i n g  
o r i f i c e  a p p a r a t u s  where a l i qu id  j e t  o f  p rec i se ly  me te red  f low i s  broken into 
equal segments by a h igh  f requency  v ibra t ion  of  the  nozz le  ( see ,  e .  g . ,  Wedding 
and Stukel ,   1974) .  The commercially  available model can  produce  several  hun- 
d r e d  p a r t i c l e s / c c  down t o  less than  0 .1  pm diameter .  
Water inso luble  par t ic les  can  be  produced  wi th  the  same device by 
u t i l i z i n g  a non-aqueous s o l u t i o n  o f  t h e  material in  quest ion;  however ,  i t  may 
b e  d i f f i c u l t  t o  remove the  so lven t  from the atmosphere af ter  t h e  s o l u t i o n  
drops  have  evaporated.  Other  methods  of  generating water in so lub le  monodis- 
perse  aerosols  are e i t h e r  t o o  cumbersome fo r  t he  p re sen t  pu rpose  ( e .g . ,  
LaMer genera tor )  or  no t  reproducib le  enough as i n  t h e  case of simple evapora- 
t i o n  and recondensation. 
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3 . 5  RECOMMENDATIONS 
From the previous discussion, the following recommendations can b e  
made r e l a t i v e  t o  equipment and experiments for use i n  a s h u t t l e - t y p e  s p a c e c r a f t .  
1. I t  i s  recommended tha t  t he  the rma l  d i f fus ion  chamber be  used  in  
i n i t i a l  e x p e r i m e n t s .  The chamber should  be  equipped  with a close-up  camera 
and i l lumination should be by laser. This apparatus , in  conjunct ion  wi th  a 
v ib ra t ing  o r i f i ce  ae roso l  gene ra to r ,  w i l l  a l low the fol lowing experiments  to  
be  ca r r i ed  ou t :  
0 Evaluation of s t a t i c   d i f f u s i o n  chamber (SDC). I n  view o f   t he  - 
widespread use of the SDC f o r  measurements of CCN ac t iva t ion  spec t r a  th rough-  
out  the world,  i t  would be  espec ia l ly  impor tan t  to  per form an  exper iment  to  
v a l i d a t e  t h e  SDC. This  essent ia l  t ask  can  be  accompl ished  wi th  re la t ive ly  
l i t t l e  e f f o r t  i n  t h e  c o u r s e  o f  i n i t i a l  check out of the equipment a t  one-g 
and zero-g. I t  is recommended t h a t  tests be  per formed to  de te rmine  the  ex ten t  
o f  f a l l  o u t  a t  low supersa tura t ions  and t h a t  chamber performance be evaluated 
wi th  severa l  s izes  and types of  aerosol .  
0 Condensat ion  ucleat ion  s tudies:  The s ize-supersa tura t ion  
r e l a t i o n s h i p  f o r  NaCl CCN should be examined c a r e f u l l y  i n  a zero-g environ- 
ment and, more impor t an t ly ,  ex t ended  to  l a rge r  pa r t i c l e s  t han  was p o s s i b l e  
a t  one-g  conditions  (see Katz and Kocmond, 1973). The same experiment  should 
be conducted with CCN o f  d i f f e ren t  subs t ances ,  such  a s  ammonium s u l f a t e ,  
which i s  cur ren t ly  regarded  as one  of  the  most  abundant CCN m a t e r i a l s .  The 
obvious  benef i t s  o f  a fal lout-free environment  and the  oppor tuni ty  for  acqui r -  
i n g  s i g n i f i c a n t  s c i e n t i f i c  knowledge make these  expe r imen t s  o f  h ighes t  p r io r -  
i t y .  Data generated from these  tests will have  immediate  applications  for 
c loud  phys ic i s t s  and numerical modelers. 
Tes t ing  of a water in so lub le  ae roso l  as CCN would be equally impor- 
t a n t  s i n c e  most n a t u r a l  n u c l e i  are p a r t l y  composed of  some i n s o l u b l e  matter. 
P rev ious ly  ind ica t ed  d i f f i cu l t i e s  w i th  so lven t  r emova l  i n  connec t ion  wi th  
pa r t i c l e  gene ra t ion  cou ld  poss ib ly  be  Overcome by use of  act ivated charcoal .  
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0 Scavenging.  Although a l a r g e r  chamber  would b e   p r e f e r a b l e   f o r  
scavenging  s tudies ,  it i s  expec ted  tha t  d i f fus ive  lo s ses  in  the  the rma l  d i f fu -  
s i o n  chamber  would also be acceptable  (according to  Fuchs,  1964)  i f  p a r t i c l e  
s izes  a re  proper ly  chosen .  A t en t a t ive  expe r imen t  cou ld  be  ca r r i ed  ou t  as 
fol lows:  An aerosol  with two d i s t i n c t l y  d i f f e r e n t  p a r t i c l e  sizes can be 
in t roduced  in to  the  chamber  and the  supe r sa tu ra t ion  ad jus t ed  fo r  ac t iva t ion  
o f  t h e  l a r g e r  p a r t i c l e s  o n l y .  After a c e r t a i n  time, the  supe r sa tu ra t ion  can  
be  increased s o  as t o  a c t i v a t e  t h e  smaller p a r t i c l e s ,  t o o .  By varying  obser- 
v a t i o n  times and  growth rates o f  t h e  d r o p l e t s  grown on la rge  CCN scavenging 
parameters can be deduced. 
2 .  By s l igh t ly  modi fy ing  the  thermal  d i f fus ion  chamber ,  it can be 
operated as a "haze  chamber": If a sa l t  s o l u t i o n  i n s t e a d  o f  p u r e  water is 
used on t h e  chamber p l a t e s ,  cond i t ions  of s l i g h t  s u b s a t u r a t i o n  c a n  a l s o  b e  
achieved. This would make i t  poss ib l e  to  ca r ry  ou t  t he  fo l lowing  expe r imen t :  
0 CCN memory effect .  In  a procedure similar t o  t h e  one of t h e  
proposed scavenging t e s t ,  d r o p l e t s  formed on t h e  more a c t i v e  p a r t i c l e s  of a 
two pa r t i c l e  t ype  ae roso l  can  be  a l lowed  to  in t e rac t  w i th  the  non-ac t iva t ed  
par t ic les .  Subsequent ly ,  the  drople t s  can  be  evapora ted  dur ing  a b r i e f  p e r i o d  
of  subsa tura t ion .  Reac t iva t ion  of  the  more a c t i v e  p a r t i c l e s  will show t h e  
memory e f f e c t ,  
3.  I t  is  recommended that  the  previously  mentioned  experiment on 
coalescence proposed by Tel ford  (1974) be considered for development into a 
carry-on package. 
4.  Experiments  regarding CCN m u l t i p l i c a t i o n  r e q u i r e  t h a t  t h e  
humidity  be  decreased  to  very low subsaturat ion.   This  is  no t  f eas ib l e  wi th in  
the diffusion chamber, and the removal of the sample from the chamber for 
drying makes it impossible  to  observe the same pa r t i c l e /d rop le t  t h roughou t  
the  experiment.  I t  is ,  t h e r e f o r e ,  recommended tha t   th i s   exper iment   be   pos t -  
poned u n t i l  i t  can be carr ied out  in  an expansion chamber. 
5 2  
I t  is o b v i o u s l y  i m p o s s i b l e ,  i n  t h i s  i n i t i a l  e f f o r t ,  t o  d e v e l o p  a 
i de ta i led   exper imenta l   p lan   for   the   car ry-on   exper iments   l i s ted   above .   I t i s  
j 
I o f   t h e   s t a t i c   t h e r m a l   d i f f u s i o n  chamber will be  an  important first s t e p  toward 
'1: , the  successful  completion  of the more complicated  nucleat ion  s tudies .  The 
! f u r t h e r  development  and t e s t i n g   o f  a haze chamber may a l s o   f i n d   s p e c i a l   a p p l i -  
recommended,  however,, tha t  addi t iona l  cons idera t ion  be  g iven  to  fu l ly  deve lop-  
ing  the  ideas  we have  p resen ted  he re in .  In  pa r t i cu la r ,  t he  in i t i a l  t e s t ing  .i 
I 
I 
c a t i ons  onboard  the CPL. We feel  that  the experiments  suggested here  can be 
des igned  in  such  a manner as to  p rov ide  pe r t inen t  immediate information f o r  
l a t e r  a p p l i c a t i o n  on the ful ly  developed cloud physics  laboratory.  
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APPENDIX A 
COMPUTER PROGRAM WCIJMENTATION FOR ADVECTION FOG MODEL 
i 
I' A. 1 INTRODUCTION 
The computer program used i n  t h e  p r e s e n t  s t u d y  w a s  b a s i c a l l y  t h e  
same one used previously and thoroughly documented i n  Mack e t  a l .  (1972). 
Since only minor changes were made i n  t h e  computer program, the thorough 
documentation is  not  repeated.  Documentation is presented  here  only  for  the  
few changes that  were made i n  t h e  computer  program. However, fo r  t hose  r eade r s  
who  may want t o  run  the  p rogram and who  may not have access to  the  p rev ious  
documentation, a desc r ip t ion  o f  t he  inpu t  va r i ab le s  and  con t ro l  i nd ices  is 
provided  which i s  suf f ic ien t  for  the  running  of  the  program.  
Changes from the  previous  program concern  in i t ia l iza t ion  of  the  two- 
dimensional model from upwind conditions generated by a one-dimensional model 
and  computation  of  the  turbulent  exchange  coefficients.  The i n i t i a l i z a t i o n  
u t i l i z e s  t h e  r e a d - l i s t  c a p a b i l i t y  o f  t h e  model t o  which two new cont ro l  ind ices  
have  been  added. The equations for computation o f  the  turbulent  exchange  coef- 
f i c i e n t ,  which are d e s c r i b e d  i n  t h e  main t e x t  [Eqs.  (6)-  (15)]  are  f ixed in  the 
program and are  not  modif ied by inpu t  va r i ab le s  o r  con t ro l  i nd ices .  
The program operates  in  cgs  uni ts  with temperatures  i n  degrees 
Kelvin. A l l  i npu t  va r i ab le s  are i n  cgs  uni ts  with the except ion of  the uniform 
spacing  between  columns (DELX) which is  i n  meters. When l i q u i d  water content  
is r e a d  i n  f r o m  a l ist ,  the  un i t s  u sed  are grams of  water p e r  grams of  a i r .  
The program required 192K bytes  of  co re  s to rage  fo r  t he  execu t ion  
s t e p .  The program was run on  an IBM 370/168 operating under Release 1.6 VS. 
For one hour of meteorological time, e i g h t  h o r i z o n t a l  g r i d  columns with 
43 v e r t i c a l  g r i d  l e v e l s  e a c h ,  a n d  a time s t e p  of  two minutes ,  the execut ion 
took five seconds of  machine time. 
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A. 2 INITIALIZATION 
I n i t i a l i z a t i o n  o f  t h e  w i n d ,  t e m p e r a t u r e ,  and moisture (vapor and 
l i q u i d )  o c c u r s  i n  a loop which is  executed two times. The first time through 
a l l  o f  t h e  columns except  the upwind  column are i n i t i a l i z e d  t o  c o n t a i n  i d e n -  
t i c a l   v a l u e s   o f   t h e   v a r i a b l e s .  The second time, v a r i a b l e s  are i n i t i a l i z e d  
f o r  t h e  upwind boundary (column one) .  The i n i t i a l i z a t i o n  p r o c e d u r e  is  con- 
t r o l l e d  by input  indices  where values other than one provide for uniform 
o r  i d e a l i z e d  p r o f i l e s  i n  t h e  v e r t i c a l .  I n d e x  v a l u e s  o f  o n e  p r o v i d e  f o r  non- 
un i fo rm p ro f i l e s  v i a  t he  r ead - l i s t  i npu t  p rocedure .  
When the  va r i ab le s  a re  in i t i a l i zed  by  r ead ing  from a l i s t ,  it is  
p o s s i b l e  t o  i n i t i a l i z e  p o t e n t i a l  t e m p e r a t u r e ,  water vapor ,  and l iquid water 
from  any v e r t i c a l  g r i d  l e v e l  t o  t h e  t o p  o f  t h e  m o d e l .  T h i s  f e a t u r e  a l l o w s  
i n v e r s i o n s  t o  b e  s p e c i f i e d  i n  t h e  i n i t i a l  p r o f i l e s  w i t h  a n  a d i a b a t i c  t e m p e r a -  
t u r e  and uniform water vapor mixing ra t io  present  be low the  invers ion  he ight .  
The g r i d   l e v e l   a t  which  the  non-uniform  values  begin are s p e c i f i e d   b y  - KT f o r  
the  potent ia l   temperature   and  by - KR f o r   b o t h   t h e  water vapor  and  l iquid  water.  
In the two-dimensional mode of  the model ,  when a l i s t  is  p r o v i d e d  f o r  i n i t i a l i -  
za t ion ,  KT and KR a r e  s e t  equal  to  one .  
I n  t h e  r e a d - l i s t  mode o f  i n i t i a l i z a t i o n ,  t h e  t y p e  o f  i n p u t  i s ,  of  
course ,  cont ro l led  by  the  format  s ta tement .  In  the  program l i s t ing  presented  
i n  Sect ion A . 4 ,  a Z-format (hexadecimal) is  used s ince the program is  reading 
variables generated by the one-dimensional program. 
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l,: 
,i A. 3 SAMPLE SET OF INPUT CARDS 
'i 
i' 











t ime s tep (seconds)  
t ime in te rva l  a t  which output occurs (seconds) 
length of simulation (seconds) 
t ime in te rva l  from t = 0 a t  which the  co lde r  o r  warmer surface tempera- 
tu re  reaches  i t s  desired  value  (seconds) 
f r a c t i o n  o f  s u r f a c e  b l a c k  body rad ia t ion  used  as n e t  upward i n f r a r e d  
flux through upper boundary 
a cons tan t  mul t ip l ied  t imes  l iqu id  water  conten t  ra i sed  to  the  two- 
t h i r d s  power i n  e q u a t i o n  (34) t o  ob ta in  in f r a red  abso rp t ion  pe r  cm 
tempera ture  in  degrees  Kelv in  used  to  in i t ia l ize  the  tempera ture  
p r o f i l e  t o  i s o t h e r m a l  
roughness  length (cm) 
change from su r face  po ten t i a l  t empera tu re  in  Column 1 needed t o  o b t a i n  
a uniform surface temperature  among the  o the r  columns when a uniform 
d i scon t inu i ty  in  su r face  t empera tu re  is  des i red  
f r i c t i o n  v e l o c i t y  which en te r s  i n to  the  quas i - ad iaba t i c  ve loc i ty  p ro -  





B. CONTROL INDEX CARD (1 card) 
= -1 
= o  
= 1  
= o  
= 1  
= o  
= 1  
ISED = 1 
# I  
IRAD = 1 
# 1  
1000 PT(1,K) = TP(-) , isothermal P 
PT(1,K) = PTI ,  a d i a b a t i c  
PT(1,K) = LIST 
K 
R ( 1 , K )  = R I  
R ( 1 , K )  = LIST 
W ( 1 , K )  = 0 
W ( 1 , K )  = LIST 
sedimentat ian 
no sedimentat ion 
r ad ia t iona l  coo l ing  
no r ad ia t iona l  coo l ing  
I F  IRSFC = 0 R ( 1 , l )  = R(1,2)  
= 1 R ( 1 , l )  = sa tu ra t ion   mix ing   r a t io  a t  surface temperature  and 
1000 mb. 
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I U  = 0 Quasi-adiabat ic  u and v p r o f i l e s  
= 1 u and v = LIST 
IDTEM = DTEM(1) = 0.0 
= 1 DTEM(1) = DTEMI between ITEML and ITEMR, and  equals  zero  elsewhere 
= -1 DTEM(1) = LIST 
HR = n e t   r a d i a t i v e   f l u x ,  cal cm min ( p o s i t i v e  upward) 
COOL = ra te  of r ad ia t ive  coo l ing ,  C hr” 
I P  = 0 No HR and COOL output provided 
I P  # 0 HR and COOL output provided 
- 2  -1 
0 
I1 = 2 needed i n  v e l o c i t y  i n t e g r a t i o n  when turbulent  exchange coeff ic ient  
depends on ” l o c a l   v e r t i c a l   g r a d i e n t   o f   v e l o c i t y .  
I1 = 1 when turbulent  exchange coeff ic ient  does not  depend on loca l  condi t ions  
KT = v e r t i c a l  g r i d  l e v e l  t o  which f irst  po ten t i a l  t empera tu re  in  l i s t  i s  t o  b e  
assigned . 
KT = 1 when two-dimensional simulation i s  i n i t i a l i z e d  from l ist  generated by 
one-dimensional simulation. 
KR performs same funct ion  for mixing r a t i o  and l i q u i d  water c o n t e n t  t h a t  KT 
does  fo r  t he  po ten t i a l  t empera tu re .  
I Z  s p e c i f i e s  number o f  t h e  column f o r  which wind, po ten t ia l  t empera ture ,  
mixing r a t i o  and l i q u i d  water will be punched out. 
I Z  = 2 i n  one-dimensional simulations.  
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C. GRID SPECIFICATION CARD (1 card) 
l.OOOE+O -O..2OOE+O 1.4OM+O 30 55 11 20 12 14 100. 
ZAL = height  of  lowes t  ver t ica l  g r id  poin t  in  the  a tmosphere  (cm) 
ZAK = e x p a n s i o n  f a c t o r  i n  t h e  v e r t i c a l  
XAI = expans ion  f ac to r  i n  the  ho r i zon ta l  
I E  = number of   hor izonta l  columns 
KE = number of v e r t i c a l  l e v e l s  
I L  = l e f tmos t  g r id  po in t  o f  unexpanded g r i d  
I R  = r igh tmost  gr id  poin t  of  unexpanded g r i d  
ITEML = l e f t  and r i g h t  I-limits on non-zero, 
ITEMR uniform DTEM(1) 
DELX = uniform  X-spacing  (meters) 
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The p r i n t e d  o u t p u t  f o r  t h e  v a r i o u s  q u a n t i t i e s  is  in  conven ien t  s t anda rd  un i t s  
as shown in  the  format  heading  s ta tements  3000-3800 i n  t h e  p r o g r a m  l i s t i n g  
i n  S e c t i o n  A-4. In  add i t ion  to  p rev ious  ou tpu t s ,  t he  ou tpu t s  of u and v com- 








C TWO-DIMENSIONAL  ADVECTION FOG M O O R  




C CALSPAN CORP, MARCH 1975 W-J. E A D I E  AND C.W.ROGERS 
R E A L * 8   P T s E P T r F P T s D P T r A T t C T r B T  
R E A L -   K A ~ I N T ~ K W I L ~ L M ~ L H A X T K H  
COMMON PT140.60) .EPT160)rFPT(bO) r D P T r A T t C T p B T r  
8 R(4Or6(i)rW(40(60),U(40r6O)rT(40r6C)rKA(40r63)r 
1 I N T 1 4 0 ~ 6 G ~ r C P T ~ 4 O r 6 G ~ ~ H C ~ 4 C ~ 6 O l ~ X ~ 4 O l ~ D X ~ 4 G ~ ~ D T E M ~ 4 ~ ~ ~  
2 P ( 6 0 ) r Z A ( 6 0 ) r D Z A ( 6 0 ) r   E R ( 6 C l l F R ( 6 G ) r E W ( 6 0 ) r  
3 F W ( ~ ~ ) ~ E U ( ~ ~ ) ~ F U ( ~ O ) T ~ ( ~ O ) , D Z ( ~ O ) ~ P R ( ~ ~ ) ~ L ~ ~ E N ~ C P ~ G ~ R A ~ R U .  
4 S I G M A ~ T I H E ~ D T ~ T I M ~ U F ~ R F ~ K Y ~ Z O ~ C V r U I r D T E M I ~ Z A K ~ X A I ~ D E L X ~ C C ~  
5 C H ~ C I T C K ~ C L ~ C R * C S ~ U U ~ F V ( ~ U I ~ E V ( ~ C . ) ~ V ( ~ O ~ ~ O J ~  F .  
7KH140960) r 
6 K E ~ K N , I E ~ I N . I L . I R . I S E D ~ I R I D I I R S F C ~ I D T E M . I T E M L ~ I T E M R ~ I P . I I  
D I M E N S I O N   F M T H ( l l ) r F M T T ( l l )  
L 






RA= Ob8 6 
RW= 1102 
SIGMA=1.3556-12 
C V = 4 0 0 .  
F= 1 OE-4 
P i  1 )=1000. 
r 
L 
C DATA  INPUT
L 
10 R E A D 1 5 t l G O O r E N D = 4 0 0 )  D T I O T ~ E T ~ T I H ~ R F ~ K W ~ T P ~ Z ~ ~ D T E M I ~ U F  
R E A D ( 5 r . 1 1 0 3 )  I P T ~ I R R ~ I W ~ I S E D ~ l R A D ~ I R S F C ~ I U ~ l D T € M ~ I P ~ I I ~ K T ~ K R ~  1 2  
R E A D ( 5 r A 2 0 0 )  2 A L ~ Z A K ~ X A I ~ I E ~ K E ~ I L ~ I R ~ I T E M L ~ I T E M R ~ D E L X  
READ(5. 1205) FMTHrFHTT 
C 
C DATA L I S T I N G  
C 
W R I T E ( 6 r 2 0 0 0 )  0 7 r O T ~ E T ~ T I M r R F r K W ~ T P r 2 0 r D T E M 1 , U F  
W R I T E l 6 r 2 1 3 0 )  l P T ~ I R R ~ I W ~ I S E D t I R A D ~ I R S F C ~ I U ~ l D T E M ~ I P ~ l I ~ K T ~ K R ~  I 
12 
W R I T E ( 6 r 2 2 0 0 )  Z A L T Z A K ~ X A I ~ I E ~ K E T I L ~ I R ~ I T E M L ~ I T E H R ~ D E L X  . 
L 
C WORKING  CONSTANT D E F I N I T I O N  
C 
CC=1622*( L**2)/ (CP*RA) 
CR=KU*RF*SIGMA/(CP*DEN**.333) 
CH= t L**2 1 /RY 
CS=G/4.186E+7 
I N Z I E - 1  
KNXKE-1 
CI=KU*1D€N**.667)/2. 
C K t  0 4*U F 
L 



























DZA(2 ) rZAL 
M 20 Kt3rKE 
D Z A ( K ) I ( l . + Z A K ) * D Z A ( K - l )  




HORIZONTAL  GRID  SPECIFICATION 
W 30 I=ILrIR 
30 X(I)=(I-IL)*DELX 
W 31  I=IlrIE 
Il-IR+l 
31 X ~ I ~ ~ X I I - 1 ~ + X A f * I X I I - 1 ~ - X I I - 2 ~ ~  
IF( IL .EO. 1) GO TO 33 
Il=IL-1 
DO 32 12=lrIl 
I=I1-12+1 
33 DO 35 1=2rIE 
32 X (  I )=X(  I+l)-XAI,*(X( 1+2 )-X( 141 I I 
35 DX(I)=XtI)-X(I-I) 
VARIABLE  INITIALIZATION 
READ159  1300)  RI  tPT1 
WRITE(6r2300J  RIrPTI 
TP=TP+. 16 
PTIZPTI +o 16 
Y 1 1 ~ 1 1 = 0 . 0  
A-UNIFROH  WITH  HEIGHT 
no 40 I = ~ * I E  
00 40 K=lrKE 
W (  I r K ) = O . O  
R(I rK)sRI 
PT(I*K)=PTI 
IF(1 .EQ. 1) P ( K 1 = l O O O . * E X P ~ - G * Z A ( K 1 / ( 4 . L 8 6 E + 7 * R A * 7 P ~  1 
6-'I SOTHERHA  L 
IFlIPT D E Q .  -1) PT(I*K)=TP*((lOOO./.P(K))**~286) 
D-QUASI-ADIABATIC  VELOCITY  PROFILES 
IF(IU .Ea. 0 )  U ( I ~ ~ ~ ~ Z . 5 * U F * A L O G ( ( Z A ( K 1 + Z O ~ / Z O 1 * C O S ~ ~ l 7 4 5 1  
IFtIU .EO. 0 )  V ~ I ~ K ~ = 2 ~ 5 * U F * A L O G ~ ~ Z A ~ K ~ + Z O ~ / Z O ~ * S I N ~ ~ 1 7 4 5 ~ * ' ~ l - Z A ~  
1K)IZAiKE) 1 
40 CON TINU E 
INITIALIZE 2-D SIMULATION  FROM 1 4  SIMULATION 
11132  LNITIAlIZES  UPWIND  BOUNDARY 11-I=l. INITZALIZES  REST OF DOMAIN 
. .  
DO 500 III.=lr2 
IFlIU .EO. 11 READ(5r40001 (U(lrK)rK=lrKE) 
A - 1  1 
IF(IU .EO. 1)  READ(5r4000)  (V(ltK)rK=lrKE) 
C 
C KT AND KR PERMIT NON-UNIFORM INITIALIZATION OF 1-DIMENSIONAL 
C SIMULATIONS  FROM  KT  AND  KR  LEVELS TO TOP OF THE  MOGEL 
IFtIPT .EO. 1 )  READ(StS(iO(r) IPT(lrK)rK=KTtKE) 
IF( IRR .EO. 1) READ(5~4000)  (R(ltK)rK=KRIKE) 
IFllW .E40 1) R€AD(5r40EG) (Y(ltK)tK=KRtKE) 
IF(IU .EO. 1)  WRITE(6r2500)  (U(ltK)rK=ltKE) 
IF(IU .EO. 1) WRITE1612500)  LV(lrK)rK=lrKE) 
IFtIPT O M .  1) WRITE(6rZ400)  (PT(ltK)tK=ltKE) 
IFIIRR .Ea. 1)  WRITE(6tZ500)  (R(ltK),K=KRrKE) 
IFIIW .EO. 11 WRITE(br2500)  (W(1rK)  rK=lrKE) 
C 
IF( IPT .Ea. 1 1 GO T O  4 5  
GO TO 60 
C 
C PT AND W FROM VARIABLE LIST 
C 
C 
C INITIALIZE ONLY THE UPWIND COLUMN 
45 CON T INU E 
r 
L 
IF1111 .EO. 2) GO  TO 5Gl 
L 
C INITIALIZATION ALL COLUMNS 
C 
DO 50 Ik2rIE 





50 W( I rK)=W( l r  K) 
60 CON T INUE 
C 
C INITIALlZATIONtEXCHANGE CGEFFICI E N T I  INTEGRATED LIQUID WATERpANG 
C SPECIFIC HEAT OF MOIST AIR 
C 




DO 80 K=ZrKE 
P R l K ) = ( l G O O - / P ( K ) ) * * . 2 8 6  
DZ(K)=( l.+ZAK/Z.)*(DZAIK)**Z) 
T(lrKI=PT(lrK)/PRIK) 
D W Z ~ S Q R T ~ ~ U ~ ~ ~ K ~ ~ U ~ ~ I K ~ ~ ~ ~ * * ~ + ~ V ~ ~ ~ K ~ ~ V ~ ~ ~ K ~ ~ ~ ~ * * ~ ~ / D Z A ~ K ~  
IF(W11tK) .GT. (3.0) GO  TO  65 
CPTf  lrK)=CP 
C 
C INITIALIZATION OF EXCHANGE COEFFICIENTS COV€RING NEUTRALISTABLE AND 
C UNSTABLE CONDITIONS 6ETHEEN K=Z AND THE SURFACE 
C 
S=IPT(ltK)-PT(l,K-l))/DZA(K) 
IF(KoE0. 21 SS=S 
GO TO 70 
65 CPT(l,K)=CP+CH*RSF(TIl.K)tP(K))/(T(lrK)+*Z) 
SfIT(lrK)-T(lrK-ll)/DZA(K)+CS/CPT(ltK) 
IF(K .EO. 2) S S Z S  
70 IFtK .E40 2) GO TO 71 
A-12  
L F l S S  .GT. 0 . )  GO TO 75 
I F ( S S  .EO. 0.1 GO TO 77 
P H I ~ D S Q R T ~ D S ~ R T l l ~ D O ~ l 5 ~ D O * Z I K ~ / T L ~ l  
K H ( l r K ) =   . 4 * Z ( K ) * U F l * P H I  
K A I l * K ) = K M ( l r K ) * P H I  
GO TO 7 9  
GO TO 78 
75 KH(lrK)=(.4*Z(K)*UFl)/(l~+5o*(Z(K)/TL)) 
77 K H ( l r K ) = . 4 * Z ( K ) * U F l  
78 K A ( l r K ) = K M ( l r K )  
Go TO 7 9  
71 K H ~ l ~ 2 ~ ~ ~ 1 6 * S Q R T ~ U ~ 1 r 2 ) * * Z + V l l r 2 ) * * 2 ~ * D Z A ~ 2 ~ / ~ A L O G ~ Z A  
1 ( 2 ) / 2 0 ) * * 2 )  
K A ( l r Z ) = K M ( l r Z )  
U F l = S Q R T ( K H ( l r 2 ) W W Z )  
I F I S  .EO. 0 . 0 )  GO TO 8 C  
TL=(UFl**3)*PT(lr2)/(o4*G*KA(lr2)*S) 
GO  TO 80 
C 
C SHIR-TYPE  EXPONENTIAL  DECREASE 
C 
79 DEC=EXP( -8 . *F*Z (K) /UF l )  
KM( l r K ) = K H (   l r K ) * D E C  
KAif I r K ) = K A ( l r K ) * D E C  
C P T ( l r 1   ) = C P T (  192) 
K A ( l . r l ) = K A ( l r Z )  
8 0  I N T l 1 ~ K ~ ~ I N T ~ l ~ K ~ l l + C I * ~ W ~ l ~ K ~ * * ~ 6 6 7 + W ~ l r K ~ 1 ~ * * ~ 6 6 7 ~ * D Z A ~ K ~  
C 
C I N I T I A L I Z A T I O N   A L L COLUMNS 
C 
I F (  111 .EO. 2 1 GD ‘TO 5 0 2  
DO 81 I = Z r I E  
DO 8 1  K = l r K E  
I F I K  .EO. 1)  W(I rK)=O.G 
T ( I r K I = T ( l r K I  
C P T ( I t K ) = C P T ( l r K )  
K H ( I * K ) = K M ( l r K )  
K A ( I r K ) = K A ( l r K )  




C I N I T I A L I Z A T I O N  OF SURFACE  TEMPERAIURE  DIFFERENCE 
C 
I F  1 I D T E H  .EO. -1) GO TO 86 
DO 8 5  I = l r I N  
I F   I D T E H  .EO. 0 )  DTEH(I )=O.O 
I F (  I D T E H  .EQ. 1) O T E H ( I  )=DTEMI  
I F ( ( 1 D T E H  .EO. 1) .AND. (I .LT. I T E M L ) )   D T E t l I I ) = O . G  
I F ( 1 I D T E H   . E 9 0  1) .AND. (I OCTO I T E M R ) )   D T E H ( I ) = O . C  
85  CONTINUE 
GO TO 87 
86 R E A D ( S r 1 4 0 0 )   ( D T E M ( I ) r I = Z r I N I  
W R I T E l 6 r 2 4 J O )   ( D T E M ( I ) r I = 2 r I N )  
DTEM(l )=O.G 
DTECI( I €  I = O . O  
C 
C UPPER  BOUNDARY  CONDITION FOR I M P L I C I T   I N T E G R A T I O N  
A-13 
EPT(KE)=O.O 








C OUTPUT TIME TEND TIME, AND T I M E  STEP CONTROL 
C 
fIME=O.O 
PR  T =OT 
PRT=TIHE+OT 
GO TO 200 
TIHE=TIWE+DT 
CALL  STEP 
GO TO 9 G  
200 CONTINUE 
90 IFITIHE oLT. PRT) GO TO 9 5  
95 IF( TIME .GEo ET 1 GO TO It 
C 
C 




C EDDY HEAT FLUX  OUTPUT 
C 
300 URITEI6,300.0) 
DO  311  I=lrIE 
DO 310  K=3rKN 
\ IFtCPTf  IrK) OLE. CP) H C ~ f r K ~ ~ ~ D E N * C P * ~ ~ K A f I ~ K + l ~ * ~ P T ~ I ~ ~ + l ~ ~ P T ~ l r K  
l l J / ~ f A ~ K + l l ~ Z A ~ K l I l + ~ K A ~ I ~ K l * ~ P T ~ I ~ K l ~ P T ~ I ~ ~ ~ l l l / ~ Z A ~ K ~ ~ Z A ~ K ~ l ~ ~ l l  
2*2 0 1 
1 o ~ * ~ ~ T I I r K + 1 ~ ~ T f I r K ~ 1 ~ ~ / ~ Z A ~ K + 1 ~ ~ L A I K ~ 1 ~ l + C S / C ~ P T ~ I ~ K ~ ~ ~ * 4 o 2  
310  IF(CPTlIrK1  oGTo  CPI HC(IrK)=-DENYPT(IrK)*((~KA,(IrK)+KA(IrK+1))/2 
YINDVZ=SORT(UI I r2)**2+VIIr2)**2)+007 
IF(CPT(Ir2) .LE. CP) H C ( I ~ ~ ) = - O € N * C P * ~ O . * O ~ ~ * W I N D V ~ * ~ P T ~ I ~ Z ) - P T ~ ~ ~  
ll)~/(ALOG(ZA(Z)/ZO)**21 
l f ~ I r l ~ + C S * Z A ~ 2 ~ / C P T ~ I . 2 ) ) / ~ A L O G ~ Z A ~ 2 ~ / Z 0 ~ * * 2 1  
IF(CPT(IIZI oGTo CP) HC(Ir2)=-DEN*CPT(Ir21*60.*o16*WXNDVZ*(TIIrZ)- 
HCIIrl)=HCIIr2) 
HCIXTKE)=HC(ITKN) 
311  CONTINUE 
CALL PRNT(HCrFMlH1 
C 
C LOCAL FRICTION  VELOCITY  OUTPUT 
C 
YRITElbr3008) 
DO  313  I=lrIE 
DO 312  K=3rKN 
F L U X ~ ~ K M ~ I ~ K + 1 ~ * S 4 R T I I U ~ I r K + 1 l ~ U ~ I r K ~ ~ * * 2 + ~ V ~ I r K + 1 ~ ~ V ~ l ~ K ~ ~ * * 2 ~ / D Z  
lA(K+lI + K M ~ I ~ K ~ * S Q R T ~ ~ U ~ I ~ K ~ ~ U ~ I ~ K ~ l ~ ~ * * Z + ~ V ~ I ~ K l ~ V ~ I ~ K ~ l l ~ * * 2 ~ / D Z  
2AIK))/20 
IF(FLUX .GTo 0.1 HC~IIK)=SQRT(FLUX) 
3 12  CON T INU E 
W I N D V 2 = S Q R T ( U ~ I ~ Z ) * * Z + V ( I I Z ) * * 2 )  




CALL PRNT (HCr FM  TH 1 
I C 
C c: P R I N T  AND  PUNCH ff PROGNOSTIC  VARIABLES FOR INPUT AS UPWIND  CONDITIONS 
L 
C 
C WIND  OUTPUT 
C 
W R I T E ( 6 r 3 0 0 9 )  
DO 314 I = l r I E  
DO 314 K = l r K E  
CALL PRNT(HCrFH7H)  
W R I T E ( 6 r 3 0 1 0 )  
00 316 I = l r I E  
DO 316 K = l r K E  
314 H C ( I r K ) = l . O E - 2 * U I I r K I  
316 H C ( I r K ) = l . O E - 2 * V ( I r K )  
CALL   PRNT(HCrFMTH)  
W R I T E ( 7 r 4 0 0 0 )   ( U ( I Z r K ) r K = l r K E )  
W R I T E ( 7 r 4 0 0 0 )   ( V ( I Z r K l r K = l r K E )  
C 
C TEMPERATURE  OUTPUT 
L .  
W R I T E 1 6 r 3 1 0 0 )  
C A L L   P R N T ( T 9 F M T T )  
W R I T E ( 7 r 5 0 0 0 )   ( P T ( I Z r K ) r K = I r K E )  
C 
C 
C M I X I N G   R A T I O  OUTPUT 
W R I T E ( 6 r 3 2 0 0 ) .  
CALL  PRNT~RIFMTH)  
W R I T E I 7 r 4 0 0 0 )   ( R ( I Z r K ) r K = l r K E )  
C 
C -   L I Q U I D  WATER CONTENT  OUTPUT 
L 
W R I T E ( 6 r 3 3 0 0 )  
DO 315 I = l r  I E  
W .315 K = l r K E  
CALL   PRNT(HCrFMTH)  
W R I T E ( 7 r 4 0 0 0 )   ( W ( I Z r K I r K = l r K E )  
315 HCI IqK I=DEN*W(  I rK I * l . ( rE+6 
C 
C DEW POINT  O€PRESSION  OUTPUT 
r 
L 
W R I T E ( 6 r 3 4 0 0 )  
m 320 I = ~ ~ I E  
DO 320 K = L r K E  
C 
C DEW POINT  DEPRESSION  COMPUTATION 
L 
E = P ( K ) * R ( I r K I / (   . 6 2 4 6 5 + R ( L r K ) )  
T l t T l  I r K )  
DO 318 M = l r 3  




320 H C I I r K ) = T ( I r K J - T l  
C A L L   P R N T t H C r F H T H )  
C 
C TURBULENT  EXCHANGE  COEFFICIENT  OUTPUT 
A- 15 
C 
3 3 0  









W R I T E t 6 r 3 5 0 G 1  
DO 3 3 1   I = l * I E  
00 330  K=3r  KN 
E X = I K A ( 1 ~ K ) + K A ( l r K + 1 1 1 / 2 ~  
H C ( I r K I = E X  
H C ~ I T ~ ~ ~ ~ ~ ~ * S Q R T ~ U ~ I ~ Z ~ * * Z + V ~ I ~ ~ ) * * ~ ~ * * Z ~ * Z A ~ Z ~ / A L O G ~ Z A ~ ~ ~ / Z O ~  
H C ( I r l I = G .  
H C ( I r K E I = H C ( I r K N )  
CALL PRNTIHCrFMTHI  
IF~IP .ma. 0 )  GO TO 95  
RADIATIVE  FLUX  WTPUT 
W R I T E ( 6 r 3 6 0 0 )  
Do 340 I = l . I E  
DO 3 4 0   K = l r K E  
H R ~ R F * S L G H A * ~ T ~ I ~ 1 ~ * * 4 ~ * E X P l ~ I N T ~ I ~ K E ~ + I N T ~ I ~ K ~ ~ * 6 ~ ~  
HCf I r K l  =HR 
CALL  PRNT(HCrFMTH1 
R A D I A T I V E   C O O L I N G  RATE OUTPUT 
W R I T E ( 6 r 3 7 0 0 1  
00 3 5 0   I = l r X E  
DO 3 5 0   K = l r K E  
C O O L ~ ~ ~ ~ G O ~ * ~ W ~ ~ ~ K I * * ~ ~ ~ ~ ~ * C R * ~ T ~ I T ~ ~ * * ~ ~ ~ * E X P ~ ~ I ~ T ~ I T K E ~ + I ~ T ~ I T K ~  
l ) * C P / C P T ( I r K I  
3 5 0  H C I I r K ) = C O O L  
C A L L  PRNT(HCvFMTH1 
C 
C WATER VAPOR FLUX  OUTPUT 
C 
W R I T E ( 6 r 3 8 0 0 )  
DO 3 6 1   I = l r I E  
DO 3 6 0  K=3,KN 
H C ~ I ~ K ~ ~ ~ D E N * ~ ~ * ~ ~ K A ~ I I K + ~ ) * ( R ~ I I K + ~ ) - R I I T K ~ I / ~ Z A ~ K + ~ I ~ Z A ~ K ~ ~ ~ + ~ K A  
l ~ I ~ K l * ~ R ~ l ~ K l ~ R ~ I ~ K ~ l l ~ / ~ Z A ~ K l ~ Z A ~ K ~ l ~ ~  1 1  
360 CONTINUE 
H I N D V ~ = S Q R T I U ( I T ~ ) * * ~ + V ( I T ~ ) * * ~ )  
HCII~2)=-DEN*.la*WINDV2*~RiI~2)-R~I~l))/~ALOGiZAL2)/2G)**i) 
H C ( 1 1 l l = H C ( l r 2 )  
H C l I * K E ) = H C ( l v K N )  
361   CONTINUE 
CALL  PRNT(HC*FHTH) 
GO TO 95 
400 STOP 
lOOG FORHAT( 10E8 0 2 )  
1100 FORMAT( 1 4 1 5  1 
1 2 0 0  FORMAT13E10.3r61Sr-2PF6oO) 
12C5 FORMAT( llA4/11A+l 
1300   FORMAT(4E lQ.3 )  
1 4 G 3  FORMAT( B F l O  02  I 
1 5 0 0  FORMAT( 8E13.31 
2300 FORMAT( I H ~ * / / / / T ~ O X T ~ O H I N P U T  D A T A T / / T ~ H O T L P ~ O E L O O ~ ~  
2 1 0 0  FORMAT(  lHO9  1415 I 
2200 FORMAT( l H O r l P 3 E 1 0 0 3 r O P 6 I S r - 2 P F 6 . 0 )  
2300 FORMATI  lH014ElC.3)  
2400  FORHAT( lH018F 10 -21 
2500 FORMAT( 1H098E10.3) 
A- 16 
I 
3 Q 0 0  































FORMAT( 30HlEDDY HEAT FLUX I R  WATTS/CM**Z/// 1 
F O R M A T ( L 8 H l F R I C T I O N   V E L O C I T Y   I N  CM/SEC///) 
FORMAT(29H lU  COMPONENT OF WIND I N  M/SEC///) 
FORMAT(29H lV  COMPONENT OF  WIND I N  M/SEC///) 
FORMAT(  ZlHlTEHPERATURE I N  DEG K/ / / )  
F O R M A T ( 2 O H l M I X I N G   R A T I O  I N  G/G///) 
FORMAT( 3 1 H l L I O U I D  WATER CONTENT I N  G/M**3///1 
MRMAT(3CHlDEW  POINT  DEPRESSION I N  DEG C/ / / I  
FORMAT(44HlTURBULENT EXCHANGE COEFFIC IENT I N  CM**2/SEC///) 
FORMAT( 3 l H l R A D I A T I V E  F L U X  I N  C A L / C M * * 2 M I N / / / )  
FORMAT( 3 0 H l R A D I A T I V E  C U O L i N G  I N  DEG C/HR///) 
M R M A T ( 3 4 H l E D D Y   M O I S T U R E   F L U X  I N  WCM**2 SEC// / )  
2-FORMAT  EOUALS  HEXADECIMAL  FORMAT 
FORMAT t l O Z 8  1 
FORMAT( 5L16 1 
END 
INTEGRATION  SUBROUTINE 
INTEGRATE ONE T IME  STEP AND  CGMPUTE NEW PROGNOSTIC & DIAGNOSTIC 
VARIABLES 
SUBROUTINE  STEP 
R E A L * 8   P T r E P T r F P T * D P T * A T r C T r B T  
R E A L * 4   K A 1 I N T r K W r L r L M r L M A X r K M  
COMMON P T ( 4 0 r 6 ~ ) r E P T ( 6 0 ) r F P T 1 6 0 ) 1 D P T I A T r C T r e T r  
8 R ( 4 G r 6 b l   r H ( 4 0 r 6 G I r U ( 4 0 r 6 0 )  rT(40r60)  v K A ( U r 6 0 )  v 
7KW4 40960) 9 
1 1 N T ~ 4 0 ~ 6 ~ ) ~ C P T l 4 0 r 6 0 ) r H C ~ 4 0 ) . D X ~ 4 ~ ~ r D T E M ~ 4 O ~ r  




S I G M A ~ T I M E ~ D T ~ T I M ~ U F ~ R F ~ K W ~ Z O ~ C V ~ U I ~ D T E M I ~ Z W . ~ X A I ~ D E L X ~ C C ~  
C H ~ C I ~ C K ~ C L r C R r C S r U U r F V ~ 6 O ) r E V ( 6 O ) ~ V ~ 4 O r 6 O ) r  Fr 
6 K E ~ K N ~ I E ~ I N ~ I L ~ I R ~ I S E D ~ I R A D ~ I R S F C ~ L D T H ( ~ I T E M L ~ I T E M R ~ I P ~ 1 1  
UPWIND DO LOOP OVER HORIZONTAL  GRID  SYSTEM 
DO 80 H = 2 r I N  
I= IN+Z-M 
DOWNWARD DO LOOP  OVER  VERTICAL  GRID  SYSTEM T O  SET UP I M P L I C I T  
INTEGRATION 





AUU=I I *AU 
AT=A 
C=DD*KA (1 r K  1 
CW=C 
CU=DD*KM ( Ir K 1 
CUU=f I *CU 
CT=C 
I F ( .   I S E D  oNE.1) GO TO 10 
A = D D * K A ( I r K + l ) / ( l o + Z A K )  








DS=CV*DD*DZ A K 1 /2. 

























E V ( K ) n C W / ( B U U - W U * E V L K + l ) )  
E P T ( K ) = C T / ( B T - A T * E P T O )  
E R ( K ) = C / ( B - A * E R ( K * l )  1 
EY(Kl=CW/(B-AW*EW(K+l )  1 
FU(K)=(DU+AUU*FU(K+l))*EU(K)/CUU 
F V ( K ) = I D V + A U U * F V ( K + l ) ) * E V ( K ) / C U U  
F P T ( K ) = ( D P T + A T * F P T I K + l ) ) * E P T ( K ) / C T  
F R ( K ) = ( D R + A * F R ( K + l ) ) * E R ( K ) / C  
FWLK)-(DW+AW*FWtK+l)  )*EW(K)/CW 
CONTINUE 
UPDATE  SURFACE BOUNDARY CONDIT ION 
I F ( T 1 M E  .LE. TIM.) P T ~ I r 1 ) = P T ~ 1 r 1 ~ + O T E H ~ I ~ * T I M E / T I M  
I F t T I M E  .LE. T I M )   T ( I * l ) = P T ( I r l )  
I F t I R S F C  .EO. 0) R ( I r l ) = F R ( Z ) / ( l . - E R ( 2 )  1 
SATURATION.  SURFACE  BOUNDARY  CONDITION ON R 
I F I I R S F C  .EO. 1) R ~ I ~ l ~ ~ R S F ~ T ~ I ~ l ~ r l O O O ~ ~  
UPWARD DO LOOP OVER VERTJCAL  GRID  SYSTEM TO COMPUTE NEW PROGNOSTIC 
AND DIAGNOSTIC  VARIABLES 
I N T  ( 1 9  1 )=O.O 
DO 70 K = 2 r K E  
I F ( K  .EO. K E )  GO TO 40 
U(I*K)=EU(K)*U(IrK-l)+FUtK) 
V ( I r K ) ~ E V ( K ) * V ( I r K - l ) + F V ~ K )  
P T ( l r K ) = E P T ( K ) * P T ( I r K - l ) + F P T ( K )  
RIIpK)=ER(K)*R(frK-ll+FR(K) 
U ( I r K ) = E W ( K ) * W ( I r K - l ) + F W ( K )  
COMPUTE  TEMPERATURE 
T ( I r K ) = P T ( I p K ) / P R I K )  













KA( I r 2 ) = K H t   I 1 2 1  
U F l = S Q R T ( K H ( I r Z ) * D W Z )  
I F l S  .Ea. 0.0)  GO TO 70  
TL~(UF~**~)*PT(II~)/(.~*G*KA~II~Z*S) 
GO TO 7 0  
SHIR-TYPE  EXPONENTIAL  DECREASE 
D E C r E X P ( - 8 o * F * Z ( K ) / U F l )  
K W ( I r K ) = K H ( I r K ) * D E C  
KA( I IK )=KAI I IKJ*DEC 
CONTINUE 
UPDATE  SURFACE BOUNDARY CONDIT ION ON  R AFTER  SATURATION  CDJUSTHENT 
I F  NO FLUX  CONDITION  USED 












P R I N T  SUBROUT1,NE 
SUBROUTINE  PRNTtOrFORM) 
- R E A L * 8   P T r E P T r F P T r D P T r A T r C T r B T  
R E A L * 4   K A r I N T r K Y r L r L M r L M A X r K M  
COMMON P T ( ~ G I ~ O ) ~ E P T ( ~ O ) ~ F P T ( ~ O )  r C P T r A T * C T r B T *  
8 R ~ 4 0 r 6 0 ~ ~ W ~ 4 0 ~ 6 O ~ r U ~ 4 0 r 6 0 ~ r T ~ 4 0 r 6 0 ~ r K A ~ 4 0 r 6 0 ~ r  
7KM( 40960) r 
1 I N T ~ 4 0 r 6 0 ~ r C P T ~ 4 0 r 6 0 ~ r H C ~ 4 ~ ~ 6 O ~ r X ~ 4 0 ) r D X ~ 4 O ~ r D T E M ~ 4 O ~ ~  
2 P ( 6 0 ) r Z A ( 6 0 ) r D Z A / 6 G ) r   E R 1 6 0 1 F R f E W ( 6 0 ) r  
3 F W t 6 0 )  rEU(6O)rFU160)rZ~60)rDZ160)rPR~6O)rLrDENrCPrGrRArR~r 
4 SIGnA~TIME~DTrTIMrUFrRFrKWrZOrCV~UIrDTEMIrZAKrXAIrDELXrCCr 
5 C H ~ C ~ ~ C K ~ C L ~ C R ~ C S I U U ~ F V ( ~ G ) ~ E V ( ~ O ) ~ V ( ~ O ~ ~ ~ ) ~  
6 K E ~ K N ~ I E ~ I N r I L r I R r I S E D I I R I D I I R S F C I r D T E n r I T E M L r I T E ~ R ~ I P ~ I I  
F. 
D I W E N S I f f l  0 ( 4 0 r 6 0 ) r F O R M ( l l )  
C 
C OUTPUT  DOCUMENTATION 
C 
C 
C PAGE 1 COLUMNS 1-10 
C 
U R I T E ( 6 r 4 O O O )   T I M E r D T E M I r I T E M L r I T E M R  
W R I T E ( b r 4 1 0 0 )   ( X ( I ) r I = l r l O )  
DO 450 J=lr KE 
K=KE-J+l  
450 WRITE(6rFORM) f A ~ K ~ r ~ O ~ I r K ~ ~ I ~ l ~ l O ~  
C 
C 
C PAGE Z COLUMNS 11-20 
C 
I F ( I E   e L T e  11) GO TO 490 
W R I T E 1 6 . 4 1 0 5 )   ( X ( I ) r I = l l r Z O )  
DO 460 J=lr  KE 
K=KE-J+ 1 
460 W R I T E ( 6 r F O R M )   Z A ( K ) r ( O ( I r K ) t Z = l l r 2 0 ~  
C 
C 
C PAGE 3 COLUMNS 21-30 
C 
I F (  I E  eLT. 21 )  GO T O   4 9 G  
A- 20 
W R I T E ( b t 4 1 0 5 )   ( X ( I ) r I = 2 1 r 3 0 )  
DO 470 J=lr  KE 
K=KE-J+ 1 





PAGE 4 COLUMNS 3 1 - I E  
W R I T E ( 6 r 4 1 0 5 )   I X ( I ) r 1 = 3 l r I E )  
DO 480 J = l r K E  
K=K E-J+ 1 
I F ( 1 E  .LT. 31) GO TO 490 
480 W R I T E t 6 r F O R M )   Z A ( K ) r l O I I r K ) r I = 3 l r I E )  
490 CONTINUE 
C 
4irOO F O R M A T ( 6 H O T I M E = r F 7 o O r 4 H   S € C r 6 X r 6 H D T E M I = r F S o 1 1 2 H   K r 6 X v 6 H I T € M L = r I 2 t 2  
4100 F O R M A T (  l H O r 6 H X ( K n 1 = r 6 X r  1 0 ( - 5 P F 1 2 - 2 )  / 1 H  r 3 X r S H Z ( C H )  1 
4105 FORMAT( ~ H ~ ~ ~ H X ( K M ) = ~ ~ X ~ ~ O ( - ~ P F ~ ~ O ~ ~  / 1 H   r 3 X r S H Z ( C M ) )  





C S A T U R A T I O N   M I X I N G   R A T I O  AS A FUNCTION  OF  TEMPERATURE A AND 
C PRESSURE b 
C 
F U N C T I O N   R S F I A r B )  
ES=6.10?8*EXP(17.26939*(A-273016) / (A-35.86))  





DATA  CARDS 
1.20E+Z 1 o 8 0 E + 3  3o6GE+3 1 0 8 0 E + 3  Z.50E-1 .71E+1  2.876+2 1o00E-2  O.OOE+G S.GOE+C 
1 1 1 1 1  1 1  1 1  1 1  1 43 9 
1 0 0 0 0 E + 1  O.ZOOE+O 2.000E+O 10 43 1 6 2 9 10000 
I1H l P E l l o Z r 1 0 E 1 2 . 2 )   F M T H  
(lti l P E 1 1 . Z ~ O P l B F l Z . Z I   F M T T  
1.090E-2 2 0 8 7 0 E + 2  
L 
P R O G N O S T I C   V A R I A b L E t U r V r P T r R  AND W )  I N P U T  IF USED 
L 
A-21 
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